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The replication of chromosomal DNA is central for the duplication of a cell. In 
eukaryotes, a conserved mechanism operates to restrict DNA replication to only once per 
cell cycle. This requirement is regulated by the geminin/Cdt1 complex.  Cdt1 is essential 
for the recruitment of minichromosome maintenance (MCM) 2-7 complex to the 
chromatin for DNA replication and establishes the target for the replication inhibitor 
geminin. To clarify the precise mechanism by which Geminin regulates Cdt1, structural 
information will prove useful in elucidating how Cdt1 and Geminin interact at the protein 
level. We identified, cloned and expressed (in bacterial cells) the geminin-binding domain 
of human Cdt1 and purified it to homogeneity. This hCdt1 fragment and its complex with 
geminin have both been set up for crystallization. This research can provide potential 
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1.1 Structural Biology 
Structural biology is the branch of modern biology that studies living processes at 
the level where biological concepts can be understood in terms of chemistry and physics. 
Over the last 40 years these studies have revealed some basic mechanisms of life on the 
molecular level. The demonstration that these mechanisms are common to all life on earth, 
from bacteria to man, has had a significant impact on our understanding of life. The 
following Table 1 provides some examples of key structures that had helped us to answer 
some fundamental questions of “life”.  
Life is evidently organized around the function of cells. These are the smallest 
units found in what we call “living things,” i.e., those things exhibiting the properties that 
we associate with life itself: reproduction, metabolism, mutations and specificity. As 
fundamental building blocks, the cell can aggregate to form tissue, which in turn is 
assembled into the organs that make up complex living system. The mechanism of 
organogenesis will probably be one of the major scientific issues in the future. However, to 
understand how life is maintained and reproduced we must learn how cells operate at the 
molecular level. 
Proteins are the molecular workhorses of living organisms. They are linear arrays 
of amino acids linked through peptide bonds. Proteins make up about 15% of our body and 
they have broad range of molecular weights. Fibrous proteins provide structural integrity 
and strength for many types of tissues and they are the main components of muscle, hair 
and cartilage. Globular proteins are also involved in various tasks like, the electron 
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 transport chain, a complex process of metabolizing nutrients. 
 
Table 1.1  Key structures of biologically important molecules in the history 
Year Structural Biology Finder 
1953 DNA helix  James Watson & 
Francis Crick 
1960 3-D structure of haemoglobin & myoglobin (first 
protein structure) 
Perutz & Kendrew 
1965 The first 3-D structure of an enzyme: lysozyme Phillips 
1968 Ribonuclease Fred Richards 
1969 2Zn insulin Dorothy Crowfoot 
Hodgkin 
1974 Yeast phenylalanine transfer RNA Kim S.H. 
1987 DNA Polymerase I (Klenow Fragment) Ollis, D. L. 
1992 Pokeweed Antiviral Protein (Protein Synthesis 
Inhibitor 
Monzingo, A. F. 
1993 Heat Shock Transcription Factor  Harrison, C. J. 
1993 Cyclin-Dependent Kinase Parge, H. E. 
1993 Ribosomal Protein S5 (Prokaryotic) Ramakrishnan, V. 
1994 Chaperonin: Groel (Hsp60 Class) Braig, K. 
1999 Xlp Protein Sap (Signaling Protein) Poy, F. 
 
  
Enzymes are proteins tailored to catalyze specific biological reactions. Without 
the several hundred enzymes now known, life would be impossible. Enzymes are 
impressive due to their tremendous efficiency and their incredible selectivity. They 
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 evidently ignore the thousands of molecules in body fluids for which they were not 
designed. Although the mechanism of catalytic activity is complex and not fully 
understood in most cases, the two simple mechanistic models, called the lock-and-key 
model and the induced-fit model, seem to adequately explain many enzyme systems. 
The knowledge of accurate molecular structures of proteins or enzymes is 
essential for structure based functional studies and for the rational drug design. X-ray 
crystallography can reliably provide the structure related information, from global folds to 
atomic details of bonding. The determination of protein structures by crystallographic 
methods was first accomplished by Kendrew and Perutz in the late 1950s. This method is, 
however, highly dependent on computers and X-ray technology and has, until recently, 
been extremely arduous. Also, the availability of biologically important proteins in 
sufficient quantities to make characterization practical has been limited. The recent 
explosion in computer technology and improvements in X-ray equipment, together with 
the ability to obtain pure protein in large quantities using recombinant DNA techniques, 
has now enabled the structure of many biologically significant proteins to be determined. 
Thus, the combination of biochemical, biophysical and genetic analyses coupled to 
crystallography has improved our fundamental understanding of life processes on the 
molecular level in a remarkable way (Hammond, 2001). At present there are only less than 
10,000 unique proteins and their complexes for which the three-dimensional structures are 
determined (RCSB Protein Data Bank). The picture that emerges from a survey of these 
structures is that nature utilizes a limited number of protein topologies to fulfill a multitude 
of functions. One of the most difficult challenges of today's science is to reveal how the 
linear information in the amino acid sequence determines the fold of the protein 
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 polypeptide chain. Such knowledge would enable the direct determination of the 
three-dimensional structures of large amount of other proteins for which sequence 
information is available. 
 
1.2 X-ray crystallography  
 
1.2.1 History of X-ray Crystallography  
In 1895 Wilhelm Röntgen made the classic observation that a highly penetrating 
radiation is produced when fast electrons impinge on matter. These X-rays were soon 
shown to travel in a straight line, even through electric and magnetic fields, to pass readily 
through opaque materials, to cause phosphorescent substances to glow and to affect 
photographic plates.  
In 1912 Max von Laue recognized that the wavelengths proposed for X-rays were 
of the same order of magnitude as the spacing between adjacent atoms in crystals, i.e., 
about 1 Å. Therefore, he suggested that crystals could be used to diffract X-rays, their 
crystal lattices acting as a kind of three-dimensional grating. Suitable experiments were 
performed during the following year and the wave nature of X-rays was successfully 
demonstrated by the diffraction pattern from a crystal of copper sulfate which was recorded 
on a photographic plate. It then became evident that structural information was contained 
in X-ray reflections from a specimen.  
Shortly afterwards, the ionization spectrometer was developed and used both for 
the measurement of the wavelengths of X-ray spectra and for the tentative determination of 
crystal structures. When Ewald in 1921 presented the theory of the reciprocal lattice, the 
pattern on a single crystal rotation photograph could be understood. Some years later 
 - 4 -
 Weissenberg (1924) introduced the moving-film camera, and the use of photographic 
methods in crystallography increased. The intensities of reflections on the films were 
measured by the human eye via a comparison of the blackening of the spot with a graded 
standard scale. In the early 1920s an optical instrument, based on the double-light beam 
principle, was presented as a tool to objectively measure the optical density of a spot on a 
film, and the embryo of the instrument later to be known as the microdensitometer was 
created.  
After the introduction of the precession camera, the use of densitometers became 
more frequent, since the pattern on a precession film is an undistorted image of the 
reciprocal lattice (Lennart, 1996). From about 1945 interest began to focus on the 
development of counter methods, as a complement to film methods, giving rise to the 
so-called diffractometers which are nowadays undoubtedly the most powerful instruments 
for ordinary structure investigations. Hand in hand with the development of the equipment, 
the theory of crystallography has been applied in sophisticated computer programs, 
making crystallography an extremely powerful tool in chemical science.  
1.2.2 Protein crystallography 
Protein crystallography is a relatively young branch of science. In the early days 
each new X-ray picture caused excitement and speculation. These pictures showed that 
macromolecules were indeed ordered in the crystal lattice and that their structures might be 
determined by the X-ray technique. However, at that time little was understood of the 
nature of proteins, and methods by which their structures might be solved were unknown. 
In 1953 M. F. Perutz chose to determine the crystal structure of hemoglobin as the subject 
for his Ph.D. thesis. Fortunately, the examiners did not insist on a complete structural 
analysis. In those days the analysis of small molecules containing only a few atoms 
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 provided a formidable problem (Blundell and Johnsson, 1976).  
The early experiments clearly showed that protein crystallography differed from 
conventional crystallography both quantitatively and qualitatively. During the first twenty 
years or so, the technique of X-ray analysis on crystals of smaller molecules was developed, 
and many crystal and molecular structures were solved. But little progress was made in the 
studies of protein crystals. Several differences between protein crystals and other crystals 
made the progress difficult.  
What differentiates biological macromolecular crystals from small molecule 
crystals? In terms of morphology, one finds with macromolecular crystals the same 
diversity as for small molecule crystals. In terms of the crystal size, however, 
macromolecular crystals are rather small, with volumes rarely exceeding 10 mm³, and thus 
they have to be examined under a binocular microscope. Except for special usages, such as 
neutron diffraction, this is not too severe a limitation. Among the most striking differences 
between the two families of crystals are the poor mechanical properties and the high 
content of solvent in macromolecular crystals. These crystals are always extremely fragile 
and are sensitive to external conditions. This property can be used as a preliminary 
identification test: protein crystals are brittle or will crush when touched with the tip of a 
needle, while salt crystals that can sometimes develop in macromolecule crystallization 
experiments will resist this treatment. This fragility is a consequence of both the weak 
interactions between macromolecules within crystal lattices and the high solvent content 
(from 20% to more than 80%) in these crystals. For that reason, macromolecular crystals 
have to be kept in a solvent-saturated environment, otherwise dehydration will lead to 
crystal cracking and destruction. The high solvent content, however, has useful 
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 consequences because solvent channels permit the diffusion of small molecules, a property 
used for the preparation of isomorphous heavy-atom derivatives needed to solve the 
structures. Further, crystal structures can be considered as native structures, as is indeed 
directly verified in some cases by the occurrence of enzymatic reactions within crystal 
lattices upon diffusion of the appropriate ligands. Other characteristic properties of 
macromolecular crystals are their rather weak optical birefringence under the polarized 
light: colors may be intense for large crystals but less bright than for salt crystals (isotropic 
cubic crystals or amorphous material will not be birefringent). Also, because the building 
blocks composing macromolecules are enantiomers (L-amino acids in proteins-except in 
the case of some natural peptides-and D-sugars in nucleic acids) macromolecules will not 
crystallize in space groups with the inversion of reflection symmetry. Accordingly, out of 
the 230 possible space groups, macromolecules do only crystallize in the 65 space groups 
without such inversions (International Tables for Crystallography, Volume A, Space 
Group Symmetry, 1996). While small organic molecules prefer to crystallize in space 
groups in which it is easiest to fill space, proteins crystallize primarily in space groups in 
which it is easiest to achieve connectivity. Macromolecular crystals are also characterized 
by large unit cells with dimensions that can reach up to 1000Å (for virus crystals). From a 
practical point of view, it is important to remember that crystal morphology is not 
synonymous with crystal quality. Therefore, the final diagnostic of the suitability of a 
crystal for structural studies will always be the quality of the diffraction pattern which 
reveals its internal order, as is reflected at first glance by the so-called ‘resolution’ 
parameter.   
The word ‘crystal’ is derived from the Greek root ‘krustallos’ meaning ‘clear ice’. 
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 Like ice, crystals are chemically well defined, and many of them are of transparent and 
glittering appearance, like quartz, which was for a long time the archetype. Often they are 
beautiful geometrical solids with regular faces and sharp edges, which probably explains 
why crystallinity, even in the figurative meaning, is taken as a symbol of perfection and 
purity. From the physical point of view, crystals are regular three-dimensional arrays of 
atoms, ions, molecules, or molecular assemblies. Ideal crystals can be imagined as infinite 
and perfect arrays in which the building blocks (unit cells) are arranged according to 
well-defined symmetries (forming the 230 unique space groups) into unit cells that are 
repeated in the three- dimensions by translations. Experimental crystals, however, have 
finite dimensions. An implicit consequence is that a macroscopic fragment from a crystal is 
still a crystal, because the orderly arrangement of molecules within such a fragment still 
extends at long distances. The practical consequence is that crystal fragments can be used 
as seeds. In laboratory-grown crystals the periodicity is never perfect, due to different 
kinds of local disorders or long-range imperfections like dislocations. Also, these crystals 
are often of polycrystalline nature. The external forms of crystals are always 
manifestations of their internal structures and symmetries, even if in some cases these 
symmetries may be hidden at the macroscopic level, due to differential growth kinetics of 
the crystal faces. Periodicity in crystal architecture is also reflected in their macroscopic 
physical properties. The most straightforward example is given by the ability of crystals to 
diffract X-rays, neutrons, or electrons, the phenomenon underlying structural chemistry 
and biology. Other properties of invaluable practical applications should not be overlooked 
either, as is the case of optical and electronic properties which are the basis of non-linear 
optics and modern electronics. Crystals furnish one of the most beautiful examples of order 
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 and symmetry in nature and it is not surprising that their study fascinates scientists. 
Crystal growth, which is a very old activity that has always intrigued mankind, 
and many philosophers and scientists have compared it with the biological process of 
reproduction, and it has even been speculated that the duplication of genetic material 
would occur through crystallization-like mechanisms. Nowadays, the theoretical and 
practical frames of crystallo-genesis are well established for small molecules, but less 
advanced for macromolecules, although it can be anticipated that many principles 
underlying the growth of small molecule crystals will apply for that of macromolecules. 
Until recently, crystallization of macromolecules was rather empirical, and because of its 
unpredictability and frequent irreproducibility, it has long been considered as an ‘art’ 
rather than a science. It is only in the last 20 years that a real need has emerged to better 
understand and to rationalize the crystallization of biological macromolecules. It can be 
stated at present that the small molecule and macromolecular fields are converging, with an 
increasing number of behaviors or features known for small molecules that are now found 
for macromolecules.  
In contrast to NMR, which is an indirect spectroscopic method, no size limitation 
exists for the molecule or complex to be studied by X-ray crystallography. It provides the 
structural details required to unravel such aspects of protein function as enzyme 
mechanisms and ligand binding chemistry.  The price for the high accuracy of 
crystallographic structures is that a good crystal must be found, and that only limited 
information about the molecule's dynamic behavior is available from one single diffraction 
experiment. Nevertheless, crystallization techniques are becoming more standardized, and 
it is now recognized that the person who purifies a protein is often the one with the best 
 - 9 -
 chance to crystallize it, because he or she is most familiar with its behavior and 
idiosyncrasies (Ducruix and Giege, 1999).  
 
1.2.3 Principles  
‘X-ray Crystallography’ is, in fact, a combination of two independent subjects, 
crystallography and X-ray diffraction.  Crystallography deals with the arrangement of 
molecules inside a crystal and the latter discusses about the principles of diffraction of 




Symmetry is used to describe the shapes of crystals, characterize and simplify 
diffraction data collection, and simplify the refinement calculations and presentations of 
results. Mainly, it talks about the internal arrangement of molecules. Thus a thorough 
knowledge of symmetry is essential to a crystallographer. A brief introduction to symmetry 
is given below.  
1.2.3.1.1 Symmetry in Crystallography 
 
Symmetry is a property of an object in which the object is brought into the 
apparent self-coincidence by a certain motion or operation. That is, after an object is 
moved in some way, the object appears to be in the exact same position as before the 
movement. The symmetry operation represents the motion of the object. A symmetry 
element is an operator that acts on a spatial entity such as a point, a line, or a plane that 
remains stationary during the motion.  
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 There are two common ways to designate symmetry operations, 
Hermann-Mauguin notation and Schönflies notation. Hermann-Mauguin notation was 
developed specifically for describing crystals and the crystallographic symmetry. 
Schönflies notation was conceived primarily to describe symmetry in optical spectroscopy 
and quantum mechanics. In these notes, Hermann-Mauguin nomenclature will be listed 
first followed by the corresponding Schönflies notation in parentheses.  
There are two basic types of symmetry elements, proper rotation axes and 
improper rotation axes. Proper rotations do not change the handedness of an object; 
improper rotations invert or reflect the handedness of an object. Certain types of improper 
rotation axes occur frequently and are given special designations. These include an 
inversion center (or center of symmetry) and a mirror plane.  
An n fold proper rotation operation represents a movement of 2π/n radians around 
a rotation axis of the object. Consider an equilateral triangle. This triangle contains a 3 fold 
rotation (C3) axis in the center of the triangle and perpendicular to the plane of the vertices 
of the triangle. By rotating the triangle by 2π/3 radians or 120º one vertex of the triangle is 
made to coincide with another point. If an n fold rotation operation is repeated n times, then 
the object returns to its original position.  
Because of the inherent lattice nature of "crystalline" objects, only 1, 2, 3, 4, and 6 
fold (C1, C2, C3, C4, and C6) symmetry operations are known. A 1 fold rotation operation 
(C1 = E), which implies no movement of the object, is referred to as the identity operation.  
An improper rotation may be thought of as occurring in two steps, first a proper 
rotation is performed, followed by an inversion through a particular point on the rotation 
axis. Improper rotations are designated by the symbol n, where n represents the type of 
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 proper rotation operation. As in the proper rotation operations, only 1, 2, 3, 4, and 6 
improper rotations (S1, S2, S6, S4, S3) are observed in crystals. Thus a 1 operation (S1 = i) is 
simply an inversion center. A 2 operation (S2 = σ) represents a mirror operation that is 
perpendicular to the corresponding proper rotation axis. In the H-M notation, mirrors are 
labeled as "m."  
In the H-M construct, improper rotation operations are actually proper rotations 
followed by an inversion through the center of the object. Note that it is not necessary for 
either the regular rotation operation or the inversion center to exist for the improper 
rotation axis to exist, e.g. the 4 operation (S4) contains neither a 4 axis (C4) nor an inversion 
center. In the Schönflies methodology, improper rotation operations are described as a 
proper rotation followed by reflection in a plane perpendicular to the rotation axis. The 
point of intersection of the Schönflies plane with the proper rotation axis is the inversion 
center of the Hermann-Mauguin improper rotation operation.  
Recently quasi-crystalline material has been observed. The surfaces of these 
materials and their diffraction patterns exhibit 5 fold symmetry (C5). Obviously, the unique 
portion or unit cells of quasi-crystals do not occur on three-dimensional lattices with 
repeating two-dimensional projections (Buerger, 1970).  
1.2.3.1.2 Symmetry of Crystal Lattices 
 
Based upon their shapes and the corresponding relative values of the cell 
parameters, crystals are classified in terms of one of seven symmetry systems. These seven 
crystal systems are listed in Table 1.1 below. In the most general system, triclinic, there are 
no restrictions on the values of the cell parameters. In the other crystal systems, symmetry 
reduces the number of unique lattice parameters as shown in the Table. Certain simple 
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 conventions have been followed in tabulating the parameters. In the monoclinic system, 
one of the axes is unique in the sense that it is perpendicular to the other two axes. This axis 
is selected by convention as either b or c so that either β or γ are ≥ 90°, respectively. Note 
that c unique monoclinic cells are common in French literature and b unique cells are 
common in most other languages. In the tetragonal, trigonal, and hexagonal systems, one 
axis contains a higher symmetry axis. By convention this axis is selected as the c axis.  
Table 1.2 Crystal Systems 
Crystal System     #     Parameters* 
 
Triclinic 6 a ≠ b ≠ c; α ≠ β ≠ γ 
Monoclinic 4 a ≠ b ≠ c; α = γ = 90 ° β ≥ 90 °
Orthorhombic 3 a ≠ b ≠ c; α = β = γ = 90 ° 
Tetragonal 2 a = b ≠ c; α = β = γ = 90 °  
Trigonal   
    hexagonal 2 a = b ≠ c; α = β = 90o γ = 120 °
    rhombohedral 2 a = b = c; α = β = γ ≠ 90 ° 
Hexagonal 2 a = b ≠ c; α = β = 90 ° γ = 120 °
Cubic 1 a = b = c; α = β = γ = 90 ° 
* The ≠ sign means "not necessarily equal to." Equalities do accidentally occur.  
 
The seven crystal systems describe separate ways that simple three-dimensional 
lattices may be constructed. As with all lattice systems, crystalline lattices are considered 
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 to have "lattice points" on the corners of the unique points of the unit cells. Lattice points 
are selected so that the local environment around any particular lattice point is identical to 
the environment around any other lattice point. Lattices that have only one lattice point per 
unit cell are called primitive, and are designated with the symbol P.  
Some lattices can have two or more lattice points for each unit cell. These types of 
lattices can be viewed as a combination of a primitive lattice with one or more identical but 
offset copies of itself. Bravais found that in addition to the seven unique primitive lattices 
(one for each crystal system) there are seven unique nonprimitive lattices.  
A nonprimitive lattice with a pair of lattice points centered on opposite faces of 
the unit cell is designated A, B, or C depending on whether the bc, ac, or ab faces are 
centered. If there is a lattice point at the body center of a unit cell, it is designated by I 
(inner). If all faces have lattice points at their centers, the designation is F.  
The following table lists the 14 Bravais lattice types. The Bravais symbols are a 
combination of the crystal system and the Lattice designation. Triclinic types begin with 
the letter "a" that stands for "anorthic" from the mineral anorthite one of the first minerals 
found to have the triclinic symmetry. The other lattice types generally begin with the first 
letter of the crystal system.  
Trigonal systems have been difficult to classify by optical examination because 
of the difficulty in visually distinguishing between a 3 fold (C3) and a 6 fold (C6) axis. Thus, 
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Triclinic aP 1(Ci) 
Monoclinic mP, mS† 2/m(C2h) 
Orthorhombic oP, oS*, oF, oI mmm(D2h) 
Tetragonal tP, tI 4/m(C4h), 4/mmm(D4h)
Trigonal#   
   hexagonal hP 3(C3i), 3m(D3d) 
   rhombohedral hR 3(C3i), 3m(D3d) 
Hexagonal hP 6/m(C6h), 6/mmm(D6h)
Cubic cP, cF, cI m3(Th), m3m(Oh) 
 
† The S symbol for monoclinic lattices represents a lattice with A, C, or I centering 
(b-unique) or A, B, or I centering (c-unique).  
* The S symbol for orthorhombic lattices stands for any of the three side-centered lattice 
types,A, B, or C.  
# Since P trigonal lattice and a P hexagonal lattice are identical in appearance, these two 
systems are considered to make up only one Bravais lattice type.  
 
 
Computer programs that determine lattice parameters of a cell originally chose a 
"reduced" primitive cell. Reduced cells are chosen to have the smallest values for a, b, and 
c, and to have all cell angles either < 90° or ≥ 90°. This cell is then transformed to a 
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 centered cell if the higher metric symmetry (relations among the cell parameters) is 
verified by the Laue symmetry. A complete description of reduced cells and the cell 
reduction process are given in Chapter 9 of Volume A of the International Tables for 
Crystallography, 1996, pp 737-749. 
 
1.2.3.1.3 Laue Symmetry 
 
The symmetry in the intensities in the diffraction pattern is called Laue symmetry. 
The Laue symmetry includes that fact that the intensities show Friedel symmetry, F2hkl = 
F2h k l. The Laue symmetry displayed by a diffraction pattern is the point-group symmetry 
of the crystal with the addition of a center of symmetry (if not already present). The 11 
Laue groups are shown in Table 1.2 above.  
For orthorhombic crystals, F2hkl = F2hkl = F2hkl = F2hkl plus Friedel symmetry, 
but for monoclinic crystals, only F2hkl = F2h k l; F2hkl is not generally = F2hk l.  
If a crystal happens to have all three cell angles = 90.0 ° within experimental error 
but only F2hkl = F2hkl ≠ F2hkl ≠ F2hkl then the sample has monoclinic not orthorhombic 
crystal system symmetry. The symmetry of the crystal system is dictated by the symmetry of 
the reciprocal lattice intensities not the apparent symmetry of the cell parameters.  
 
1.2.3.1.4 Crystallographic Point Groups 
A point group is a closed set of symmetry operations that function around one 
specific point in space. Using the proper and improper rotations outlined above, a total of 
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 32 unique crystallographic point groups can be derived. These groups are listed in the 
following table. The centrosymmetric point groups are shown in bold.  
 
Table 1.4. Crystallographic Point Groups 
System Essential Point 
 Symmetry Groups 
 
Triclinic none 1, 1 
Monoclinic 2 or m 2, m, 2/m 
Orthorhombic 222 or mm21 222, mm2, mmm 
Tetragonal 4 or 4 4, 422, 4, 4/m, 4mm, 42m, 4/mmm 
Trigonal 3 or 3 3, 3, 322, 3m2, 3m2
Hexagonal 6 or 6 6, 622, 6/m, 6mm, 62m, 6/mmm 
Cubic 23 23, 2/m3, 432, 43m, 4/m32/m = m3m
 
1 The symbol mm2 also represents the point groups 2mm and m2m. 
2 These point groups represent sets of groups, e.g., 32 represents 321 and 312 
 
By convention the following rules have been adopted to describe point groups. 
When a rotation axis is followed by a slash and then an "m," then this mirror is 
perpendicular to the rotation axis. For orthorhombic systems the three characters describe 
the symmetry along the three axes, a, b, and c, respectively. For tetragonal, P trigonal, and 
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 hexagonal type cells, the c axis is unique, and the first symbol in the point group shows the 
symmetry along the unique axis. In tetragonal systems, the second symbol shows the 
symmetry along the {[100] and [010]} directions and the third symbol shows the symmetry 
along the {[110] and [110]} directions. In P trigonal and hexagonal cells, the second 
symbol shows the symmetry along {[100], [010] and [110]}, and the third symbol shows 
symmetry along {[110], [120], and [210]}. In rhombohedral systems on rhombohedral 
axes, the first symbol shows symmetry along [111], and the second symbol shows 
symmetry along {[110], [011], and [101]}. Cubic symbols show {[100], [010], [001]} in 
the first symbol, {[111], [111], [111], [111]} in the second symbol and {[110], [110], [011], 
[011], [101], and [101]} in the third symbol (Parthe and Gelato, 1984).  
 
1.2.3.1.5 Space Groups 
 
The translational symmetry of a crystalline lattice needs to be combined with the 
point group symmetry of an object in order to represent the whole symmetry of the crystal, 
called the space group symmetry. In addition to lattice translations, it is possible to 
combine proper rotation axes with translations of part of the unit cell to create screw axes. 
Similarly, mirror planes may be combined with partial translations of the cell to generate 
glide planes. Screw axes and glide planes are similar to cell centering operations and 
simple cell translations in that they transform one group of atoms into an entirely different 
(but to appearances identical) group of atoms.  
A screw axis occurs when a proper rotation axis operation is followed by a 
translation by a fraction of the unit cell in the direction of the rotation. The symbol for a 
screw axis is nm where n indicates the type of rotation and the translation is (m/n) of the 
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 unit cell. Thus a 31 screw axis is a 3 fold rotation followed by a translation of 1/3 of the unit 
cell. Performing this operation three times is equivalent to a full unit cell translation. Note 
that a 32 screw axis rotates in the opposite direction as the 31.  
Glide planes occur when a mirror operation is followed by a translation of a 
fraction of the unit cell parallel with the mirror plane. The glide directions are usually 
parallel with a unit cell direction or a combination of cell directions. When glide planes are 
described outside of the context of a particular space group, they are given the symbols fg in 
which the letter g indicates the direction of the mirror type operation and f indicates the 
direction of translation. Thus an ab, an a glide in the b direction, means that the object is 
reflected in a plane parallel with the (010) planes and then translated by a/2 of the unit cell 
in the a direction. Glide planes exist in all three directions and in pairs of directions. Glides 
that translate by half of the cell in two different directions are called n glide planes. An 
object undergoes an nc operation when it is reflected in the (001) plane, and translated by (a 
+ b)/2 in the a + b direction. Two of these types of glide operations are needed to bring 
about an operation that is equivalent to a unit cell translation.  
There is one additional type of glide plane, the diamond glide, d. It occurs only in 
space groups with face- or body-centered cells, and is characterized by a translation of (a + 
b)/4, (b + c)/4, or (c + a)/4. As the denominator implies 4 consecutive d glides are required 
to return an object to a lattice translated version of itself.  
A space group is designated by a capital letter identifying the lattice type (P, A, F, 
etc.) followed by the point group symbol in which the rotation and reflection elements are 
extended to include screw axes and glide planes. Note that the point group symmetry for a 
given space group is can be determined by removing the cell centering symbol of the space 
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 group and replacing all screw axes by similar rotation axes and replacing all glide planes 
with mirror planes. The point group symmetry for a space group describes the true 
symmetry of its reciprocal lattice.  
There are 230 unique space groups.  Protein molecules cannot crystallize in space 
groups involving inversion and reflection, as the necessity for the presence of enantiomers 
(L- and D- amino acids) in such space groups is not possible.  Hence, there are only 65 
space groups for the protein crystals.  Most of the space groups are determined by the 
systematic absences of the reflections in diffraction experiments (Bernardinelli and Flack, 
1985). 
1.2.3.2 Diffraction Theory 
1.2.3.2.1 Plane of diffraction and Bragg’s law 
 
A crystal contains unit-cells and within the unit-cell there are molecules, atoms 
and electrons.  When a crystal is placed in an X-ray beam, all the atoms of the crystal 
scatter X-rays.  The whole concept of diffraction can be easily understood by 








                                      Fig. 1.1.  A unit-cell with two molecules 
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 Divide the ‘a’ edge of the unit-cell into ‘h’ equal parts, ‘b’ into ‘k’ equal parts and 
‘c’ into ‘l’ equal parts.  Draw the first plane from the origin by joining the first three 
division marks on a, b and c axes.  This plane is called hkl plane.  The 234 plane, Fig. 1.2., 
will divide the ‘a’ axis into 2 equal parts, ‘b’ axis into 3 parts and ‘c’ axis into 4 parts.  An 
index of ‘0’ will indicate that the plane is not cutting that axis (and hence parallel to that 
axis) and ‘000’ plane is not possible.  We can see and prove by the law of rational indices 
that the consecutive planes will be parallel to each, equally spaced from each other and 
slice the unit-cell in perfect unison.  In other words, the unit cell is imagined to be sliced by 









                                             Fig. 1.2.  234 Plane 
The diffraction of X-rays by a crystal is simply expressed by the Bragg’s law 
2dhkl sin θ = nλ               (1.1) 
where d is the interplanar spacing for the parallel hkl planes, θ is the glancing angle and λ is 
the wavelength of the X-rays, Fig.1.3. 
 










                                                  Fig. 1.3.  Bragg’s law 
 
As the molecules are arranged within a unit-cell and the unit-cell can be sliced by 
several sets of parallel planes, we can imagine that when a crystal is rotated in X-rays, all 
the electrons diffract X-rays in the direction θhkl, characteristic to that set of planes and 
governed by the Bragg’s law of interference (Kelly and Groves, 1970) 
. 
1.2.3.2.2 Reciprocal Lattice 
 
 
The concept of reciprocal space (and the associated reciprocal lattice and 
reciprocal point) helps in understanding the diffraction phenomenon in a simpler way.  
Any plane can be represented by a point at a distance of d* (= 1/d) from the origin.  Fig. 
1.4a. shows the plane 1,1.  The reciprocal point for the plane 1,1 is shown in Fig. 1.4 b.  The 
normal of plane 1,1 is drawn.  The reciprocal point is at a distance 1/d11 from the origin O, 
along the normal.  The reciprocal lattice point for the plane 01 is also shown.  This concept 
illustrates the logic of getting diffraction spots from the planes. 











Fig. 1.4 (a) 1,1 plane for a two dimensional lattice  (b)  Reciprocal lattice points 
 
1.2.3.2.3  Structure Factor and Electron Density 
 
We have mentioned that a reflection ‘hkl’, obtained by the diffraction of X-rays 
by a crystal is the combined interference by all the atoms in the direction of the plane hkl.  
If an atom ‘i’ has a scattering power ‘fi’ and is located at a position xi, yi, zi in the unit-cell, 
then the combined diffraction result for all the N atoms in the unit-cell, called the structure 
factor,  is given by the equation 
 
Fhkl = ΣN  fi exp [2πi (hxi + kyi + lzi)]            (1.2)   
      = |Fhkl|  exp(i αhkl)               (1.3) 
 
We have stated that our aim is to locate the positions of all the atoms in the 
unit-cell (or solving the structure).    As the electrons of the atoms diffract the X-rays, it is 
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 equivalent to state that our aim is to determine the electron density within a unit-cell.  
Thus, at the vicinity of an atom, the electron density will be a positive value, corresponding 
to that atom.  The electron density around a heavy atom, say mercury, will be more than 
that around a light atom, say nitrogen.    As a crystal is a three dimensional arrangement of 
unit-cells, it can be proved that the electron density within a unit-cell and the structure 
factors of all the planes hold a direct relationship, through the Fourier transform.  This 
leads to a mathematical equation 
 
  ∞ 
ρ(xyz) = 1/V ΣΣΣ Fhkl exp [-2πi (hx + ky + lz)]            (1.4) 
            hkl 
           -∞ 
 
where ρ(xyz) is the electron density at the point (xyz) in the unit-cell; V is the unit-cell 
volume and Fhkl is the structure factor of all the reflections.  Substituting Eq. 1.3 in the 
above equation, we get 
  ∞ 
ρ(xyz) = 1/V ΣΣΣ |Fhkl|  exp(i αhkl) exp [-2πi (hx + ky + lz)]                     (1.5) 
             hkl 
                       -∞ 
 
 From the above equation it looks that our job is very much simplified.  If we have 
a crystal, all we have to do is to measure the diffraction data for as many planes as possible 
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 (with all combinations of hkl from -∞ to ∞) and using a very powerful computer calculate 
the electron density at each point within a unitcell, which will show you the complete 
structure.  This sounds correct, but for one thing.  Our experimental data collection (Eq. 2.3) 
measures only the structure amplitude, |Fhkl|, which is merely a number.  It represents the 
amount of X-rays reflected by each plane.  The angular displacement of the combined 
reflection with respect to the origin of the unit-cell, αhkl, is a non-measurable quantity and 
this information is very much needed to calculate the electron density, Eq. 1.5.  The 
situation of non-measurability of the phase angle is called the phase problem in X-ray 
crystallography (International Tables for Crystallography, Vol II) . 
1.2.4 Experiments 
X-rays have the proper wavelength to be scattered by the electron cloud of an 
atom of comparable size. Based on the diffraction pattern obtained from X-ray scattering 
off the periodic assembly of molecules or atoms in the crystal, the electron density can be 
reconstructed. Additional phase information must be extracted either from the diffraction 
data or from supplementing diffraction experiments to complete the reconstruction. A 
model is then progressively built into the experimental electron density, refined against the 
data and the result is a quite accurate molecular structure. 
Protein crystal structure determination process follows the major steps: protein 
expression, crystallization, data collection and structure determination. 
 
1.2.4.1 Protein overexpression and crystallization 
 
The protein of interest may be obtained from its source (eg. Glyceraldehyde 
phosphate dehydrogenase from lobster) or overexpressed in a suitable system (eg. E. coli) 
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 by recombinant techniques.  The protein is purified to homogeneity by chromatographic 
methods and setup for crystallization by the most vapor diffusion principle. 
 
1.2.4.2 Data Collection and Processing 
 
Once a crystal of suitable size and quality is obtained, the next step in crystal 
structure determination is collecting the diffraction data using an X-ray machine. X-ray is 
an electromagnetic radiation with a wavelength in the range of 0.1 – 100 Å. In a sealed tube 
anode of appropriate target metal (copper, molybdenum etc.), cathode and tungsten 
filament are kept inside an evacuated glass tube. When high voltage difference is 
maintained between anode and cathode, electrons, produced by the filament by thermionic 
emission, hit the anode and X-rays are produced.  Depending on the target and the 
transition, the radiation is named as Cu Kα, Cu Kβ etc.  In the rotating anode type X-ray 
generator, the anode is rotated by a motor and high intensity beam is produced.  In a 
synchrotron, electrons travel in a storage ring at a high speed and are emitted as radiation.  
It is possible to change the wavelength of synchrotron radiation.  
When the first crystal of a protein is obtained, the intensity data collected is called 
the native data set.  A crystal is either mounted in a capillary tube (diameter of 0.5 mm) or 
frozen at a typical temperature of -175° C and the data are collected.  Sometimes it may be 
necessary to use several crystals to collect a complete data set as crystals often ‘die’ in the 
X-ray beam.  Nowadays, it is enough to use a single crystal as the crystal is frozen, which 
minimizes the radiation damage. 
When the complete data set is collected for a crystal, we will be able to derive 
some basic information.  First of all, the unit-cell dimension and the interaxial angles will 
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 suggest the crystal system.  From the systematic absences of the reflection classes (0k0 
where k is an odd number will be absent) will tell the space group and from the 
International Table for X-ray Crystallography we can know the number of asymmetric 
units (or equivalent positions) for that space group.  Once we determine these basic crystal 
system information, we can derive the number of molecules packed in the unit-cell, based 
on the Mathew’s coefficient.  It defines the ratio of the total volume to the total molecular 
weight of the unit-cell.  It should be in the range 1.8-3.2, mostly around 2.4. 
Certain classes of reflections must have equal values based on the symmetry for a 
space group and the differences among these reflections must be minimum.  We can define 
a term called Rsym, given as 
 
Rsym = [ΣhklΣi (<I> - Ii)] / [ΣhklΣi (Ii)]   (1.6)           
 
This quantity helps in assessing the quality of the data set collected and an Rsym of 
0.05 is typical.  Another most important parameter that decides the quality and usefulness 
of a data set is the resolution of the data.  It is derived from the Bragg’s law.  From the 
diffraction image, how far the diffraction spots extend (the d value) is known as the 
resolution limit of the crystal.  It is analogous to taking a picture of a bird sitting on the 
branch of a tree, on top of a hill.  The closer you go the better details you get.  A smaller d 
value (higher resolution) means that the unit-cell is finely sliced and the data can be used to 
solve even fine details of the structure (Giacovazzo, 2002; Hammond, 2001). 
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 1.2.4.3 Structure Determination 
It can be mentioned again that the experimental data, collected from a crystal 
represents only the structure amplitude part of Eq. 2.2 and the phase information is not a 
measurable quantity.  Several solutions have been proposed to solve the phase problem and 
they are mainly  
a. molecular replacement method (MR) 
b. direct methods 
c. multiwavelength anomalous dispersion method (MAD) 
d. multiple isomorphous replacement method (MIR) 
 
1.2.4.4 Refinement 
The first electron density map calculated from MR, MIR or MAD method will be 
very noisy and one should carefully approach the interpretation of the map, identifying the 
residues and building the molecule.  Sophisticated graphical computers and computer 
programs are available to do the work (Giacovazzo, 2002). 
A useful parameter to check is the residual factor, defined as R and its related Rfree.  Based 
upon the current positioning of the molecule, one can calculate the structure factor, Eq. 2.2.  
The difference between the observed structure factor and calculated structure factor should 
be as minimum as possible.  The residual factor R is defined as 
R = Σ |Fobs – Fcalc | / Σ Fobs             (1.7) 
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2.1.1 Background of DNA Replication Factor Cdt1/Geminin 
 
DNA carries all of the genetic information for life. One enormously long DNA 
molecule forms each of the chromosomes of an organism, 23 of them in human. The 
fundamental living unit is a single cell. A cell gives rise to many more cells through serial 
repetitions of a process known as cell division. Before each division, new copies must be 
made of each of the many molecules that form the cell, including the duplication of all 
DNA molecules. DNA replication is the name given to this duplication process, which 
enables an organism's genetic information — its genes — to be passed to the two daughter 
cells created when a cell divides.  
Yet, every proliferating cell is faced with the prospect of having to copy 
accurately and precisely this same information in the space of only a few hours during the 
cell cycle. Either incomplete replication or over-replication would cause cell death, or 
worse, would generate the kinds of genetic alterations associated with diseases like cancer.  
To achieve this goal, the cell adopts a strategy that limits every replication origin 
to a single initiation event within a narrow window of the cell cycle by temporally 
separating the assembly of the pre-replication complex (pre-RC) from the initiation of 
DNA synthesis. Unlike their prokaryotic counterparts, eukaryotic genomes are replicated 
from multiple replication origins distributed along their chromosomes. In human somatic 
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 cells, replication occurs from 10000–100000 such replication origins; thus, each 
replication origin is only responsible for the replication of a relatively small portion of the 
genome.  
This strategy can allow rapid replication of large genomes but brings with it a 
serious bookkeeping problem. How can the cell keep track of all of these origins, ensuring 
that each one fires efficiently during S phase while also ensuring that no origin fires more 
than once? To cope with this, eukaryotic cells have evolved a remarkable molecular switch 
which, when turned on, promotes just a single initiation event from each origin.  
2.1.1.1 Assembly of Pre-replicative complex 
The sequential association of initiator proteins with origin DNA licenses 
chromatin for replication. The process through which licensing is established has been 
studied extensively with an in vitro system using Xenopus egg extracts, and was confirmed 
by yeast chromatin association assays and CHIP (chromatin immunoprecipitation) analysis. 
In the Xenopus in vitro system, a given component can be easily immunodepleted from the 
extract and its effect on the chromatin association of other factors examined, while in yeast, 
deletions or temperature sensitive mutations can be used to assess the function of a given 
component in licensing. Through these experiments, the following model has emerged. 
ORC associates with replication origins, and at least in yeast, this association persists 
throughout the cell cycle (Liang & Stillman 1997; Ogawa et al. 1999; Lygerou & Nurse 
1999). As the cells complete mitosis, Cdc6/18 and Cdt1 are loaded on to chromatin, and 
they in turn load the MCM complex on to chromatin (Coleman et al. 1996; Tanaka et al. 
1997; Aparicio et al. 1997; Ogawa et al. 1999; Maiorano et al. 2000; Nishitani et al. 2000). 
Licensing is considered complete when the MCM complex is loaded on to chromatin. The 
multi-complex thus assembled corresponds to the pre-replicative complex (pre-RC) 
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 defined by the footprinting analysis of replication origins in S. cerevisiae (Diffley et al. 
1994). This complex is activated at the G1/S transition, and DNA replication is initiated. 
CHIP (chromatin immunoprecipitation) experiments in S. cerevisiae indicate that the 
MCM complex moves on chromatin as replication proceeds (Aparicio et al. 1997). The 
disassembly of the pre-RC leaves only ORC bound to chromatin, which corresponds to the 
post-RC state and inhibits additional rounds of replication until the cells have passed 
through mitosis and the pre-RC is re-established. 
Cdc18 and Cdt1 have a central role in controlling the timing of chromatin 
licensing. Chromatin binding of both Cdc6/18 and Cdt1 depends on the presence of ORC 
on origin DNA, but these two factors bind independently of each other. However, they 
appear to function synergistically to load the MCM complex. In S. pombe, a high 
expression of cdc18 induces continuous replication and the amount of SpCdc18 required to 
induce re-replication is reduced when cdt1 is co-expressed. A physical interaction of 
SpCdc18 and SpCdt1 was observed in this situation (Nishitani et al. 2000). It is not known 
how Cdc6/18 and Cdt1 load the MCM complex on to chromatin. Cdc6/18 has a sequence 
similarity to RF-C, a replication factor that remodels the structure of the ring-shaped 
sliding clamp PCNA and loads it on the template DNA in an ATP dependent manner. A 
similar mechanism has been proposed for the loading of the MCM hexamer on DNA by 
Cdc6/18 (Perkins & Diffley 1998). 
Both ORC and Cdc6/18 (and probably Cdt1) can be removed from chromatin 
once the loading of the MCM complex is completed. In a Xenopus in vitro system, the 
association of ORC and Cdc6/18 with chromatin is destabilized after the MCM complex is 
loaded: salt treatment of licensed chromatin removes ORC and Cdc6/18, but leaves the 
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 MCM complex bound to chromatin. Chromatin thus treated can be replicated as 
satisfactorily as non-treated chromatin (Hua & Newport 1998; Rowles et al. 1999). The 
loading of the MCM complex may induce a change in chromatin structure thereby 
reducing the binding of ORC and Cdc6/18 to chromatin. This destabilization of ORC and 
Cdc6/18 could be important for blocking re-licensing. 
Are there any unidentified factors which are essential for replication licensing? 
RLF-B, a licensing activity in Xenopus egg extracts, turned out to be the Xenopus 
homologue of Cdt1 (Tada et al. 2001). In a reconstituted system, sperm chromatin can be 
licensed in a solution containing nucleoplasmin (to de-condense sperm chromatin), 
XlORC, XlCdc6/18, XlCdt1 (= RLF-B) and the XlMCM complex (Gillespie et al. 2001). 
MCM10 was isolated during the same screen that led to the identification of Mcm-2 to -7 in 
S. cerevisiae, and homologous proteins were identified in S. pombe and human cells. 
ScMcm10 is located on to origin DNA throughout the cell cycle at a constant level. 
ScMcm10 appears to interact with the ScMCM complex through Mcm-5 and -7, and to 
have a role in maintaining the licensed state (Merchant et al. 1997; Homesley et al. 2000). 
When an mcm10 mutant arrested in G1 in the presence of mating factor was shifted to the 
restrictive temperature, the bound ScMCM was removed from chromatin, while ScORC 
remained bound. Immunodepletion experiments in the Xenopus system will clarify the 
function of Mcm10 in the control of licensing. 
A primary component for site-specific initiation of replication is the six 
polypeptide origin recognition complex (ORC) which binds to the ARS consensus at 
element A (Bell and Stillman, 1992; Diffley and Cocker, 1992; Lee and Bell, 1997). ORC 
requires ATP (but not ATP hydrolysis) to bind to DNA ( Bell and Stillman, 1992; Klemm 
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 and Bell, 2001; Klemm et al., 1997). ORC remains bound to the origins throughout the cell 
cycle in yeast, even when an origin is inactive ( Aparicio et al., 1997; Diffley and Cocker, 
1992; Diffley et al., 1994; Fujita et al., 1998; Liang and Stillman, 1997; Tanaka et al., 
1997).  
ORC serves as a landing pad to recruit the replication machinery, thereby 
positioning DNA polymerase to initiate replication at a specific place. This is analogous to 
the TATA-binding protein, TBP, which is a docking station for the transcriptional complex, 
and helps to recruit and position RNA polymerase so that transcription begins at a defined 
site. A pre-replication complex (pre-RC) is formed by the stepwise addition of protein 
components onto ORC, and ultimately becomes an Initiation Complex (IC) at the end of 
G1 (reviewed by Bielinsky and Gerbi, 2001; Dutta and Bell, 1997; Seki and Diffley, 2000). 
First, at the conclusion of mitosis, the proteins Cdc6p ( Cocker et al., 1996; Coleman et al., 
1996; Donovan et al., 1997; Liang and Stillman, 1997; Weinreich et al., 1999) and Cdt1 
( Maiorano et al., 2000; Nishitani et al., 2000; Tanaka and Diffley, 2002; Whittaker et al., 
2000) associate with ORC. A newly identified protein, Noc3p, interacts with ORC and is 
required for Cdc6p binding ( Zhang et al., 2002). Only after Noc3p, Cdc6p, and Cdt1 are 
bound to ORC can the protein complex Mcm2-7 be added. Once the Mcm2-7 protein 
complex binds ( Kubota et al., 1997), marking completion of formation of the pre-RC, the 
origin becomes "licensed" ( Blow, 1993; Blow and Laskey, 1988), meaning it is competent 
for initiation.  
The latter two proteins, Cdc6p and Cdt1, help recruit the putative replicative 
helicase MCM2-7 complex to the chromatin (4, 5).  
CDC6 of S. cerevisiae and its homologue in S. pombe cdc18 were independently 
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 isolated as temperature-sensitive cell cycle mutants (Hereford & Hartwell 1974; Nurse & 
Bisset 1976) that have defects in the initiation of replication. Cdc6/Cdc18 shows a 28-30% 
identity with the Orc1 protein, and has an essential ATP binding motif (Bell et al. 1995). 
Both ScCdc6 and SpCdc18 proteins accumulate at the end of mitosis and disappear after 
the initiation of DNA replication. A S. pombe strain depleted of cdc18 cannot initiate 
replication, but in spite of this failure it can enter mitosis, resulting in a lethal cut phenotype 
(Kelly et al. 1993). This was the first evidence that initiator proteins may have a role in the 
checkpoint control which couples S-phase to the initiation of M-phase. Similar 
observations were made in S. cerevisiae cells depleted of cdc6 (Piatti et al. 1995). In 
addition, ScCdc6 has been reported to have a role in inactivating the mitotic CDK during 
exit from mitosis in S. cerevisiae (Calzada et al. 2001). Cdc6/18 therefore appears central 
to a number of checkpoint controls in the yeasts. 
Xenopus and mammalian Cdc6/18 homologues have been isolated (Coleman 
et al. 1996; Williams et al. 1997) and the immunodepletion of Cdc6/18 from Xenopus egg 
extracts blocks the initiation of DNA replication. 
cdt1 (cdc10 dependent transcript 1) was first identified as a target of Cdc10, a 
G1/S specific transcription factor, and is essential for the initiation of DNA replication in S. 
pombe (Hofmann & Beach 1994). The protein levels of Cdt1 in S. pombe peak at G1/S, as 
does SpCdc18 (Nishitani et al. 2000). S. pombe cells deleted for cdt1 cannot initiate 
replication and are defective in the DNA replication checkpoint control, similar to those 
deleted for cdc18. Cdt1 homologues have been reported in Xenopus, Drosophila and 
human cells (Maiorano et al. 2000; Whittaker et al. 2000; Wohlschlegel et al. 2000; 
Nishitani et al. 2001) and recently in S. cerevisiae (Tanaka & Diffley 2002). In human cells, 
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 similarly to S. pombe, HsCdt1 protein levels peak in G1 and disappear after the onset of 
S-phase (Wohlschlegel et al. 2000; Nishitani et al. 2001). In contrast, the S. cerevisiae 
Cdt1 homologue accumulates in the nucleus during G1, and is excluded from the nucleus 
for the rest of the cell cycle (Tanaka & Diffley 2002). 
MCM (mini-chromosome maintenance) genes were isolated in a screen for 
mutations that cause a high rate of mini-chromosome loss in S. cerevisiae (Maine et al. 
1984). Among the MCM genes was a family of six related genes called MCM2 to MCM7, 
which turned out to have an important role in the initiation of replication (reviewed Tye 
1999). The six proteins showed a high similarity to each other, especially in a 240 amino 
acid conserved region containing an ATP binding motif. The six Mcm proteins, all 
essential and conserved from yeast to mammals, interact with each other to form a 
hexameric complex with a molecular size of around 600 kDa, which is believed to be 
composed of stoichiometric amounts of each protein (Thommes et al. 1997). Biochemical 
studies suggest that the MCM complex works as a replicative helicase. A purified human 
trimeric complex consisting of Mcm-4, -6 and -7 (HsMcm-4, -6, -7), probably in a 
hexameric structure composed of two trimers, was shown to possess ATPase activity and a 
weak helicase activity in vitro. In the presence of single stranded tails in forked DNA 
substrates, the S. pombe Mcm-4-6-7 complex showed a highly processive helicase activity 
(Ishimi 1997; Lee & Hurwitz 2001). HsMcm-2 was shown to inhibit the in vitro enzymatic 
activity of HsMcm-4-6-7 (Ishimi et al. 1998). However, S. cerevisiae degron mutants of 
MCM proteins demonstrated that all six components are necessary for the elongation of 
replication forks (Labib et al. 2000). These reports suggest that the helicase activity of the 
MCM complex is switched on by a structural change in the MCM2-7 complex. A model of 
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 co-ordinated action of catalytic Mcm-4-6-7 and regulatory Mcm-2-3-5 subcomplexes was 
proposed for the ATP hydrolysis and helicase activities of MCM complexes (Schwacha & 
Bell 2001). Archaea have a single Mcm protein that assembles to form a homo-hexameric 
MCM complex with processive helicase activity (reviewed in Tye 2000). 
 
2.1.1.2 Activation of replication 
 
Once loaded, MCM2-7 complexes await activation during S phase. Two protein 
kinases, CDK and DDK, are required to activate the licensed origins for initiation. CDK 
(cyclin-dependent kinase) associated with G1/S cyclins such as Cdc2-Cig2 in S. pombe, 
Cdc28 -Clb5 or 6 in S. cerevisiae and Cdk2-Cyclin E in higher eukaryotes have a key role 
in the initiation of DNA replication. DDK (Dbf4-dependent kinase), which was originally 
identified in S. cerevisiae, consists of a kinase subunit (Cdc7) whose periodic activity is 
regulated by the accumulation of the regulatory subunit Dbf4 at the G1 to S transition. 
Cdc7 homologues and their interacting subunits have been identified in S. pombe, Xenopus 
and mammals (Masai et al. 1999). 
Activation by protein kinases is believed to result in changes in the pre-RC that 
lead to the binding of Cdc45 to the MCM complex, followed by the unwinding of 
replication origins. Subsequently, DNA replicating proteins such as RPA, DNA 
polymerase and are recruited to initiation sites (Geraghty et al. 2000; Jares & Blow 2000; 
Mimura et al. 2000; Walter & Newport 2000; Zou & Stillman 2000; Takisawa et al. 2000). 
The S.cerevisiae SLD3 was isolated as a gene interacting with DPB11, whose product 
associates with DNA polymerase . ScSld3 forms a complex with ScCdc45 and is required 
for origin unwinding (Kamimura et al. 2001). 
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 The factors which are phosphorylated by CDKs and direct the initiation of 
replication remain poorly defined. Most of the initiator proteins have consensus 
phosphorylation sites for CDKs, and are therefore possible targets. The fact that XlORC 
and XlCdc6/18 can be removed from chromatin without a loss of replication ability 
suggests that they are probably not the targets of this positive control. They may however, 
have an important role in recruiting the kinase to the origins, since the cyclin-binding site 
on XlCdc6/18 can recruit to chromatin both the CyclinE-CDK2 and the SCF-ubiqitination 
complex which destroys CDK inhibitors (Furstenthal et al. 2001). A phosphorylated form 
of MCM4 in S. pombe is found to be associated with chromatin during S-phase (Nishitani 
et al. 2000), which could represent the active form of the MCM complex, it is however, not 
known whether this phosphorylation is CDK mediated. Recently, the Sld2/Drc1 of S. 
cerevisiae was shown to be a CDK substrate mediating a positive regulation of replication 
initiation. When phosphorylated, ScSld2/Drc1 binds to ScDpb11, and the formation of this 
complex is essential for the following association of DNA polymerases on the replication 
origin (Masumoto et al. 2002). The same conclusion was reported in S. pombe, where 
SpDrc1 forms a complex with SpCut5, a ScDbp11 homologue. 
Many reports suggest that MCM proteins are likely targets of DDKs. The S. 
cerevisiae bob1 mutation that bypasses the requirement for Cdc7 turned out to have a 
mutation in the mcm5 gene (Hardy et al. 1997) while a mutation in dbf4 suppresses the 
lethality of the mcm2-1 mutation. The in vitro phosphorylation of MCM proteins by 
Cdc7-Dbf4 indicates that Mcm2 is the predominant target (Lei et al. 1997; Masai et al. 
2000). Since the Mcm2 protein is believed to inhibit the helicase activity of the 
MCM-4-6-7 complex, Mcm2 phosphorylation by DDKs could cause a structural change in 
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 the MCM complex that would increase its affinity for Cdc45 and its helicase activity. 
Consistent with this prediction, a structural change that accompanies the melting of 
replication origins after the execution of Cdc7 function is detected in G1-phase cells of the 
cdc7 bypass mutant bob1/mcm5 of S. cerevisiae (Geraghty et al. 2000). 
It was suggested that DDKs may act locally at the replication origin, while CDKs 
may function globally to initiate S-phase (Pasero et al. 1999). DDKs could do so by 
phosphorylating MCM proteins at each origin while CDKs may be generally promoting 
initiation steps, including the formation of a Sld2/Drc1-Dbp11/Cut5 complex. 
 
2.1.1.3 Prevention of Re-replication 
 
The reloading of MCMs is prevented until cells pass through mitosis by CDKs 
and by geminin. After activation of the replication origins, both the MCM complex and 
Cdc45 move together with replication enzymes assembled at replication forks to complete 
DNA replication (Aparicio et al. 1997; Tercero et al. 2000). As the MCM complex leaves 
the replication origin after initiation, the origin is converted to the unlicensed state. 
It is essential for the cell to ensure that origins do not fire a second time until 
mitosis has been completed. How does a cell prevent re-replication? Genetic experiments 
in S. pombe allowed an insight into this question: by looking for mutant situations where 
re-replication takes place, one could identify factors that normally restrain it. The first such 
factor to be identified was none other that the mitotic CDK: re-replication is induced when 
the mitotic CDK is inactivated (see above). The second factor to emerge as central to 
re-replication control was SpCdc18: over-expression of the cdc18 gene relieves the block 
to re-replication and induces continuous replication in the absence of mitosis, even in G2 
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 arrested cells (Yanow et al. 2001;). Thirdly, regulation by proteasome-dependent 
degradation was shown to be involved: a defect in the S. pombe pop1 gene, which encodes 
for an F-box containing component of the SCF complex, results in an increase in ploidy 
(Kominami & Toda 1997). The pop1 mutant causes an accumulation of the Cdc18 protein. 
The following model thus emerged: phosphorylation of SpCdc18 by CDKs targets it for 
ubiquitin-dependent degradation through the SCF complex. Cell cycle specific proteolysis, 
together with cell cycle specific transcription, ensures that the protein only accumulates in 
G1 when the licensing is legitimate. Indeed, when putative CDK phosphorylation sites on 
SpCdc18 were mutated, the stability of the protein was greatly increased (Baum et al. 
1998). Experiments with S. cerevisiae led to a similar conclusion (Drury et al. 1997). 
Are there more factors involved in the block to re-replication control? Again, the 
re-replication assay in S. pombe allowed an interesting insight: cells ectopically expressing 
cdc18 at levels low enough so as not to induce re-replication can be used to identify factors 
which drive these 'primed' cells into re-replication. Such an assay showed that SpCdt1 is 
crucial for the re-replication control: it can drive SpCdc18 expressing cells into massive 
re-replication, even from the G2-phase of the cell cycle (Nishitani et al. 2001; Yanow et al. 
2001). Cdt1 protein levels should therefore be carefully controlled during the cell cycle to 
ensure that licensing only takes place during G1. It remains to be investigated whether S. 
pombe Cdt1 levels are controlled not only through transcription but also by proteolysis. 
The ORC and MCM family members also mediate the CDK block to 
re-replication. In S. pombe, an orc2 mutant strain lacking Cdc2 phosphorylation sites 
undergoes re-replication with low level cdc18 expression (Vas et al. 2001). A similar 
regulatory phosphorylation of Orc2 is also observed in S. cerevisiae (Nguyen et al. 2001). 
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 ScCdc6 cannot associate with ScORC in G2/M-phase cell extracts of S. cerevisiae, 
suggesting that some post-translational modification inhibits their association (Seki & 
Diffley 2000). While S. pombe MCM proteins, similar to higher eukaryotes, are 
consitutively nuclear, in S. cerevisiae the MCM complex is regulated by CDK-mediated 
nuclear exclusion. ScMcm4 is located in the nucleus in the G1-phase, but it is excluded 
from the nucleus as the cell cycle proceeds (Nguyen et al. 2000). This occurs in a 
Cdc28-dependent manner, as the inhibition of Cdc28 activity by ectopic expression of its 
inhibitor Sic1 blocks nuclear exclusion. In S. cerevisiae, ScCdt1 is also subject to a similar 
Cdc28-dependent nuclear exclusion control (Tanaka & Diffley 2002). When the inhibitory 
phosphorylation sites on ScORC, ScCdc6 and ScMCM are all mutated, the re-initiation of 
DNA replication is induced in G2 cells in this organism (Nguyen et al. 2001). The control 
mechanism blocking re-replication is highly redundant, in order to ensure that genetic 
stability is always maintained. 
Are these control mechanisms conserved in humans? The answer appears to be 
both yes and no. There is some evidence that both CDKs and SCF may be involved in the 
re-replication control in human cells: a human cell line with a conditional knock out of 
Cdc2 undergoes re-replication (Itzhaki et al. 1997) while mice with a knock-out of the 
Skp2 gene (an SCF component) show an increase in chromosome number in some tissues 
(Nakayama et al. 2000). It should also be noted that APP-BP1, a protein homologous to a 
modulator of SCF function, is mutated in the hamster cell line ts41 (Chen et al. 2000). ts41 
cells undergo multiple S-phases with short G2 but no M-phase at the restrictive 
temperature. A putative target for SCF mediated proteolysis however, is more likely to be 
Cdt1, rather than Cdc6/18. While HsCdc6/18 protein is present through most of the cell 
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 cycle, HsCdt1 protein is only present in the G1-phase, when licensing takes place and 
disappears as soon as replication is underway, despite the presence of its mRNA (Nishitani 
et al. 2001). In addition, proteasome inhibitors stabilize the HsCdt1 protein in S-phase 
arrested cells, and the presence of retarded isoforms of the protein under these conditions 
suggests both phosphorylation and ubiquitinilation (Nishitani et al. 2001). Taken together, 
these data indicate that throughout the cell cycle, HsCdt1 protein levels could be regulated 
by phosphorylation dependent proteolysis, similar to yeast Cdc6/18. In contrast, 
HsCdc6/18 protein levels are stable in S, G2 and M-phase, and are only degraded during a 
brief period at the end of M-phase through APC-dependent proteolysis (Petersen et al. 
2000). The soluble fraction of HsCdc6/18 is phosphorylated by CDKs and is exported to 
the cytoplasm after S-phase onset; however, a chromatin bound form appears to stay 
constant throughout the cell cycle (Pelizon et al. 2000). The biological role of the fraction 
of HsCdc6/18 that persists on chromatin is unknown. In contrast to the situation in the 
yeasts, where all ORC subunits are constitutively associated with chromatin, Orc1 in 
mammalian cells dissociates from chromatin and is degraded in S-phase (Li & 
DePamphilis 2002), suggesting that an additional control on the ORC-Cdc6/18 complex 
exists in higher eukaryotes. 
Geminin/Cdt1 
It therefore appears that while the underlying principle of the regulation of 
licensing is conserved, different organisms have evolved variations on the same theme 
which ensure once-per-cell-cycle replication. It is perhaps not so surprising then that 
higher eukaryotes appear to have evolved one more way to regulate licensing: Geminin, a 
negative regulator of licensing, binds to and inactivates Cdt1 (Figure2.1).  






























Figure2.1 DNA replication licensing control by Geminin and CDKs during the cell 
cycle. In metazoa, Geminin, present from the onset of S phase to the end of M 
phase, binds to Cdt1 and prevents licensing. When DNA duplication and 
chromosome segregation have been faithfully completed, CDKs are inactivated 
and Geminin is degraded. Completion of mitosis allows the dephosphorylation of 
proteins and accumulation of loading factors, thereby permitting a new round of 
licensing. 
 
Geminin was cloned in Xenopus as a substrate of the APC-ubiquitin system, 
which is essential for the exit from mitosis (McGarry & Kirschner 1998). Geminin has a 
so-called destruction box that is recognized by the APC system and targets the protein for 
ubiquitin mediated proteolysis. Its degradation is a pre-requisite to allow licensing in G1. 
When Geminin's destruction box was mutated, cells could finish mitosis but could not 
initiate DNA replication. 
The precipitation of Geminin from human cell extracts or Xenopus egg extracts 
identified a 65 kDa or 75 kDa protein, respectively. Both turned out to be Cdt1 in the 
respective organism (Wohlschlegel et al. 2000; Tada et al. 2001). Geminin binds tightly to 
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 Cdt1 and inhibits MCM loading. The inhibitory effect of Geminin can be overridden by 
supplying extra amounts of Cdt1. 
Given the function of Geminin in regulating Cdt1, it was surprising to see that 
these two proteins are mostly not co-expressed in interphase cells (Nishitani et al. 2001). 
The majority of interphase cells expressing HsGeminin do not accumulate HsCdt1 and 
vice versa (Wohlschlegel et al. 2000). It seems that Geminin may have a redundant role in 
the S- and G2-phases: to inhibit any Cdt1 that may escape degradation. Proteasome 
inhibitors stabilize HsCdt1 in S-phase and an interaction between HsCdt1 and HsGeminin 
was detected in such a situation (Nishitani et al. 2001). Cells arrested in mitosis by 
nocodazole accumulate both HsGeminin and HsCdt1 (Nishitani et al. 2001) while both 
proteins are also co-expressed in the metaphase arrested Xenopus eggs (Tada et al. 2001). 
It is therefore possible that the binding of Geminin to Cdt1 during mitosis ensures that 
licensing only takes place when mitotic exit is underway, in which case the APC would be 
active, Geminin would be targeted for degradation and Cdt1 would be released. It remains 
to be investigated whether Geminin regulates Cdt1 in other instances, such as in DNA 
damage or cell cycle exit. 
When XlGeminin was immunodepleted from the metaphase (of Meiosis II) 
Xenopus egg extracts, a substantial quantity of licensing was observed (Tada et al. 2001). 
This suggests that the negative control acting over licensing is not performed solely by 
CDKs in higher eukaryotes. The immunodepletion of XlGeminin, however, does not 
induce re-replication in Xenopus cycling extracts (McGarry & Kirschner 1998), suggesting 
that CDKs may be enough to inhibit licensing in somatic cells. Additional experiments are 
clearly required. 
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 Since Geminin is present from the S-phase to the end of M-phase, it marks a 
period when licensing is not allowed. Its degradation is dependent on the completion of 
M-phase and requires the function of both APC and CDKs. Therefore, Geminin may be 
part of the checkpoint control that links CDK activity to the next round of replication. 
 
2.1.1.4 The aim of study 
 
To clarify the precise mechanism by which Geminin regulates Cdt1, structural 
information will prove useful in elucidating how Cdt1 and Geminin interact at the protein 
level. We are trying to crystallize the essential Geminin binding domain of Human Cdt1 
and the complex with replication inhibition domain of Human Geminin (Figure2.2). This 




Figure2.2 Geminin Binding Domain of Human Cdt1( ) and Cdt1 Binding domain of 
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Protein crystallization occurs when the concentration of a protein in solution is 
greater than its limit of solubility and so the protein is in a superstaturated state (Chernov 
and Komatsu, 1995). 
 
2.1.2.2 Methods  
 
In protein crystallization practice (or, theoretically speaking, to achieve 
supersaturation in the metastable region of the phase diagram), we mix the protein solution 
with a crystallization solution containing reagents that reduce solubility (precipitants) and 
others we hope might be helpful in crystallization (additives like divalent cations, 
detergents, other salts, low molecular weight alcohols) – and wait and see. As we will 
explore later, our ability to divine proper crystallization conditions is not well developed, 
which turns this relatively simple procedure, mathematically speaking, into a search and 
minimization problem with no known minimization function. Needless to say, an 
analytical solution is not possible.   
 We can either just mix the protein with crystallization solution to directly obtain 
a supersaturated solution and let kinetics take its course. Those methods are appropriately 
called batch methods, and the most frequent implementation is the micro-batch method in 
Terzaki plates under oil. Alternatively, we can remove a solvent component (usually water) 
thus increasing both the precipitant and protein concentration, and drive the system into 
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 metastable supersaturation. The vapor diffusion methods, most frequently and easily 
implemented as hanging and sitting drop technique, make use of the slow diffusion of 
water vapor (and other volatile components) from a protein solution drop into a reservoir 
solution of higher precipitant concentration (McPherson, 2003). It must be noted, however, 
that most of the vapor diffusion experiments already start in supersaturated solutions and 
are strictly speaking a ‘vapor diffusion assisted batch experiment’. A combination of vapor 
diffusion and batch methods is furthermore possible by using water permeable (silicone) 
oils to cover the protein solution drops at the bottom of micro-batch wells.  
A protein solution used in the crystallization experiment should contain as few 
other components as needed to keep the protein stable.  
 
Micro-Batch crystallization        
As the name indicates, a 1-2 µl drop of preferably only weakly buffered protein 
solution mixed with an aliquot of crystallization solution (containing precipitant, possible 
additives, buffers, etc) is pipetted onto the surface of a oil-covered microtiter plate well. 
The drop then sinks to the bottom of the well, and is isolated from the environment 
(Duncan, 1999). Variations include placing the individual components under oil, with 
either protein drop or crystallization solution first (creating already two kinetically 
different scenarios), and using varying ratios of water permeable oils to allow water to 
diffuce into the environment. It also should be noted that alcohols, detergents, and lipids 
can diffuse into the oil (and, to a much smaller degree, into the polymer of the well 
material). The micro-batch method is well suited for miniaturization and automation, as 
there is no time delay between the application of the drop and the sealing. The ability to 
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 work with minute drops of 1µl or below makes the method very suitable for screening.  
   
Hanging and sitting drop vapor diffusion 
 In the hanging drop technique, a drop of protein solution is placed on a 
siliconized cover slide and mixed with an approximately equal amount of crystallization 
solution from a reservoir. The reservoir or well has a greased rim and is then sealed with 
the flipped cover slide. In the resulting closed system water vapor diffuses from the 
hanging drop into the reservoir, which contains about twice the precipitant concentration 
than the drop. The method can be used for relatively large (harvesting) drops (2-20µl) over 
1 ml wells in Linbro plates down to micro-drops in small crystallization strips. The drop 
size is limited by the evaporation during the time delay from drop application to sealing of 
the vessel. 
The method is standard in many laboratories, and is easy to apply. Some of the 
drawbacks - particularly in high throughput mode - are the relatively high cost of 
siliconized cover slides, the possibility of drops with low surface tension to spread out or 
even slip off the slide upon turning it; the necessity of greasing of the rim to seal the wells, 
and the large size of the plates. On the plus side, individual wells are most conveniently 
opened for crystal manipulation, and can be easily sealed again with the same slide.  
 The sitting drop method follows the same principle of vapor diffusion in a sealed 
system, except that the drop now rests on a post (McPherson, 1999). There is no need for 
cover slides if sealing tape is used, and drops with low viscosity rest safely on a small 
depression in the posts or shelves. Inconveniences are the relatively long time delay 
between the setup of the first drop and the tape-sealing of the whole plate, and the 
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 possibility that the crystals may sink to the bottom of the drop and stick to the plastic post. 
Harvesting the crystals from posts can be more difficult than from the removable cover 
slides of a hanging drop setup (a concern also valid for the micro-batch technique).     
 
2.1.2.3 Crystallization Screening 
 
 Crystallization experiments often go through two distinguishable phases: a 
screening step, which is frequently followed by optimization. Screening establishes which 
conditions produce promising crystals – or at least, some leads – and optimization refers to 
the fine-tuning of those initial conditions to obtain well diffracting crystals for data 
collection. In optimal cases, the initial screening delivers already diffraction quality 
crystals. For automated processes in particular, this is a very desirable outcome.   
All screening protocols search the protein crystallization space for successes. We 
define success as the first appearance of a diffracting crystal. The crystallization space can 
be represented as a multi-dimensional vertex with chemical components, general physical 
parameters, and method specific parameters as its components. The reagents can be 
grouped in classes like precipitant, additive, buffer, and detergent. Physical parameters 
might be pH or temperature, and method specific parameters might be drop size, oil 
composition, or the phase of the moon. Protein specific parameters may include 
concentration, tags, cofactors, ATP, Mg2+, etc. 
Let us estimate that the dimensionality of a reasonable experimental 
crystallization space containing most of the above-mentioned parameters is about 100 (for 
example, a total of 85 chemicals, and 15 other parameters). Systematic sampling of this 
space, even rather coarsely at three data points per axis, low, medium, high; would require 
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 5x1047 experiments. Not an option.  
We can summarize the following: 
  
a)      Random sampling is most efficient for rarely crystallizing proteins. 
b)      For well crystallizing proteins any protocol works. 
c)      If no success is evident in about n ≥ 300 experiments, your protein is a problem case. 
Consider protein engineering/modification instead of further screening. 
d)     A major benefit of comprehensive random screening is discovery of multiple crystal 
forms, with increased chance that one of them is already of diffraction quality 
e)      Random sampling is statistically valid, which is important for optimization 
procedures (Charles and Robert, 1997). 
  
 Practical design of screens 
With so many parameters, to choose from, how should one design a 
crystallization screen? Which additives to use? Any new secret reagents that can be 
exploited?  
The short answer is: try everything except those conditions know to harm your 
protein. If  your protein needs a cofactor for stability, add it, if your protein consistently 
aggregates below pH 5 no matter what, there is little point in extensive screening around 
pH 4.5. If your protein is highly unstable above 20 ℃, crystallization at lower temperature 
may be advisable. 
  
 
 - 49 -
 Protein 
 Preferably at a reasonable purity, in a weak buffer if needed at all. Add only what 
is absolutely needed. Concentrations as low as 1.5 mg/ml have consistently yielded 
crystals, although a rule is that the highest reasonably achievable concentration is 
preferable. The term reasonable purity is purposefully vague. Protein crystallization is also 
a purification technique, and although high purity is considered a prerequisite for well 
diffracting crystals, some do crystallize from quite impure solutions. Examples are proteins 
like Ferritin, Myoglobin, or Lysozyme. A new crystal form of the ApoE4 22k for example 
has been found as a result of protein degradation in drops that contained the full length 
protein of 34kD. In this case, an equimolar amount of the 12kD remaining fragment was 
present in the crystallization solution. We would also prefer to begin screening with 90% 
clean protein instead of loosing it in a risky 99% polishing step. 
        
Crystallization reagents  
It is practicable to group the reagents into several classes. A comprehensive 
screen than should contain a mixture of components from each class in varying amounts. 
Again, the frequency of each of the reagents in the screen can be based on prior knowledge 
– if any reliable prior is available. In the absence of such priors, it is statistically always 
better to screen as comprehensively as the resources allow than to follow unsubstantiated 
leads, also known as ‘tips’. 
 Precipitants:  
There are two major types of precipitants, high molecular weight poly-alcohols, 
like PEGs, and salts. We already discussed how they influence protein solubility. A quick 
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 test to determine reasonable maximum precipitant levels can be done with a dilution series. 
One major component in a screen is usually a precipitant. What is important, however, is to 
realize that the distinctions into precipitant, additive, buffer, are by no means well defined. 
The same reagent (for example, Na-Acetate) may serve as a precipitant salt, as an additive, 
and be used in a buffer.          
 Buffers:  
The purpose of the buffer component in a screen is to cover a certain pH range 
(and thus charge distribution) on the protein independent of the other components and the 
original protein solution’s pH (one of the reasons in crystallization screening to prefer the 
protein stock only weakly buffered). As mentioned above, buffers solutions may also act as 
precipitants, or be completely absent.        
 Additives:  
The perhaps most hotly debated issue (with little statistically valid evidence to 
support most claims) is the one of additives. It essentially includes everything that might 
help crystallization, through promotion of intermolecular contacts by divalent metal 
cations, stabilization of the protein or changing the aggregation state with detergents, 
changing the solution’s dipole moment with small alcohols or highly polar agents such as 
DSMO, and anything else conceivable. In fact, any time a new substance is thrown into a 
crystallization mixture and crystallization is observed (for whatever reason) a new additive 
is born and handled as a hot tip. As often with winning numbers, there is no statistical basis 
to prove their overall effectiveness. Given a large enough trial size, even the most unlikely 
event is going to happen. Tips from groups with track record usually come associated with 
some plausible mechanistic basis, and even then, statistical evidence is often absent or poor. 
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 It is also wise to consider the other constituents of the crystallization drop to assure 
compatibility. Ca2+ ions in phosphate buffers tend to produce precipitate and even crystals.  
Analyzing the results 
 It would be wonderful if this section could be titled ‘Analysis of Crystals’. 
However, more often than not, what we see in our drops under the microscope looks pretty 
bad. To distinguish the hopeless from the just ugly is perhaps one of the most difficult tasks 
for the aspiring crystal grower. Fortunately the human brain, optimally hardwired through 
millions of year of evolution for pattern recognition, combined with a decent knowledge 
base (also known as experience), at least for now beats computational algorithms. Some 
scales have been derived to quantify the products of crystallization trials, from amorphous 
precipitates to well formed crystals (example slides) 
 A helpful accessory on any good stereomicroscope is a polarizing filter. 
Birefringence is a good sign as it indicates some anisotropy in the material along the 
viewing axis, which helps distinguishing tiny microcrystals or spherulites from amorphous 
precipitates. Absence of birefringence in what is obviously crystal can result when a crystal 
is viewed along an axis, and in case of cubic space groups.  
 Protein crystals can be easily distinguished from salt crystals by staining with 
methylene blue or based on the difference in mechanical properties. Protein crystals are 
very sensitive and can be easily crushed with a needle or even a stiff fiber. Some protein 
crystals can be very sturdy, though, and in any case the diffraction pattern will clarify the 
issue.       
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 2.1.2.4 Optimization    
 
 Once more or less promising conditions a found, attempts are made to improve 
the crystallization to the point of delivering well diffracting crystals. This can be done by 
another, finer grid sampling around successful conditions, or with finer random sampling 
for additives, detergents, etc. Be aware that there is very little rationale behind most 
optimization attempts, and a comprehensive random screening leads to similar results. A 
rational approach towards optimization based on incomplete factorials and construction of 
response curves has been designed by Carter et al (1997). Although apparently 
intellectually more satisfying, it is not clear however, if such an approach yields an 
increased overall success rate of crystallization.  
 An example of an additive effect which can be rationally explained on a 
molecular basis is the formation of intermolecular contacts by intercalated divalent 
transition metal cations. Cadmium (in sulfate solutions) for example, was long known 
(1937) to induce the crystallization of horse spleen ferritin and has been rediscovered as a 
useful agent to promote crystallization (or to increase diffraction quality) in a number of 
cases (Giacovazzo, 1992). However, even armed with a mechanistic explanation of the 
effect, no rational prediction regarding the probability of success – except statistical 
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 2.2. Materials and methods 
 
2.2.1 Gene cloning and sequencing 
 
Human Cdt1 with GST-tagged expression constructs in pGex-5x-1 vectors are 
provided by our collaborator Dr. Anindya Dutta (Harvard Medical School, USA). But the 
full length of the protein could not be expressed due to the continuous degradation of the 
whole protein. In order to get sufficient amount of protein for the structural study, 
sequence-specific primers were used to generate the possible Geminin Binding Domain 
(GBD) of hCdt1 by PCR from this plate. Through the alignment with Cdt1 from other 
species, 6 possible Geminin Binding Domains of hCdt1 were selected for the screening. 
The PCR condition is following the standard protocol from Molecular Cloning: A 
Laboratory Manual (Joseph Sambrook et al. 2001) with some optimizations about the 
concentration of MgCl2. The PCR products were digested EcoRI and NotI,and then cloned 
into EcoRI-NotI digested pGex-6p-1 vector (Amershan). Both strands of DNA of the 
GBD-hCdt1 were sequenced with Applied Biosystems PRISM Ready Reaction Dye Prime 
Cycle Sequencing Kit and ABI PRISMTM 377 DNA Sequencer (Perkin Elmer) according 
to the manufacturer’s instructions.  
 
2.2.2 Preparation of competent E. coli cells 
 
 BL21 (DE3) cell was streaked on to LB agar plates from frozen stock and 
incubated at 37 ℃ for overnight. A single colony on the agar plate was further inoculated 
into 10 ml LB and grown overnight at 37 ℃. 1 ml overnight culture was inoculated into 
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 100 ml LB and grown until OD600 =0.4. The culture was poured into 50 ml tubes and spun 
at 3500 rpm for 10 minutes at 4 ℃. The supernatant was discarded and the pellet was 
gently resuspended in 20ml/tube cold glycerol buffer. The cells were kept on ice for 30 
minutes before it was spun down at 3500 rpm for 10 minutes at 4 ℃.  The pellet was 
resuspended into 4ml cold glycerol buffer and incubated on ice for 2 hours. The cells can 
be aliquoted and stored at -80 ℃. 
 
2.2.3 Transformation of competent cells 
 
100 µl competent cells were thawed on ice before the diluted DNA was added. 
The cells were kept on ice for 30 minutes. After heat shock at 42 ℃ for exactly 90 seconds, 
the cells were kept on ice for an additional 2 minutes. 900µl LB medium was added to the 
cells and mixed by inverting up and down. The cells need to be incubated at 37 ℃ for 1 
hour before plated onto LBA agar plate.  
 
2.2.4. Protein expression 
 
2.2.4.1 Expression system 
 
In order to generate recombinant proteins that can be purified subsequently by 
affinity chromatography, we fused the GBD-hCdt1 coding sequence in frame with the 
DNA sequence encoding the GST which can be used as tag. The expression plasmid 
pGex-6p-1 and the PCR product of the partial hCdt1 DNA fragment were double-digested 
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 by EcoRI and NotI, purified and further ligated together to generate the expression 
construct pGex-6p-1-GBD-hCdt1. The proper construction was confirmed by restriction 
digestion, and the proper in-frame fusion of GST and N-terminal GBD-hCdt1 in the vector 
was confirmed by sequencing. The plasmid DNA was transformed into competent cells of 
BL21 (DE3). 
The expression construct of pET28a-RID-hGeminin which can produce the 
His-tag fused Replication Inhibition Domain of human Geminin protein was provided by 
our collaborator Ping Yuan (IMCB, Singapore). This construct was also transformed into 
competent cells of BL21 (DE3) for expression.  
 
2.2.4.2 Determination of target protein solubility 
Cdt1 
A single colony of pGex-6p-1-GBD-hCdt1 was picked up to inoculate 10 ml LB 
medium containing 100ug/ml ampicilin (LBA) and grown overnight at 37 ℃ with shaking. 
2.5 ml overnight culture was further inoculated into 50 ml LBA and grown with vigorous 
shaking until the OD600 was about 0.5. 1 ml sample (non-induced control) was taken out, 
centrifuged and resuspended in 50 µl SDS-PAGE sample buffer. IPTG was added to the 
rest of culture to a final concentration of 0.2 mM to induce protein expresssion for further 
8-10 hours at 18℃. 1 ml sample was collected, centrifuged and resuspended in 100 µl 
SDS-PAGE sample buffer. The rest of culture was harvested and centrifuged at 5000 rpm 
for 10 minutes at 4 ℃. The cell pellet can be resuspended in 5 ml lysis buffer and further 
sonicated thoroughly. The lysate was centrifuged at 18000 rpm for 30 minutes. 100 µl 
supernatant (soluble) was taken out and added to 100 µl 2 × SDS-PAGE sample buffers. A 
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 little bit of pellet (insoluble protein) was resuspended in 200 µl 1× SDS-PAGE sample 
buffer.  
All the 4 samples were boiled for 10 minutes and microcentrifuged. 10 µl of 
supernatant was loaded into each lane of the SDS-PAGE gel. 
 
2.2.4.3 Protein expression 
Cdt1 
A single colony of host cell harboring the construct pGex-6p-1-GBD-hCdt1 was 
picked up from agar plate and inoculated into 10 ml LB medium containing 100µg/ml 
Ampicillin. The overnight culture was further inoculated into 1 liter fresh medium with the 
same concentration of Ampicillin. The cells were grown at 37 ℃ with vigorous shaking 
until the O.D.600 reached about 0.5. IPTG (0.5M) was then added to a final concentration of 
0.2 mM to induce the expression for an additional 8 hours at 18℃. The cells were 
harvested by centrifugation at 5000 rpm for 20 minutes. The cell pellet was kept frozen at 
-20 ℃ or directly resuspended in lysis buffer for further purification. 
Geminin 
A single colony of host cell harboring the construct pET28a-RID-geminin was 
picked up from agar plate and inoculated into 5 ml LB medium containing 25µg/ml 
Kanamicin. The overnight culture was further inoculated into 1 liter fresh medium with the 
same concentration of Kanamicin. The cells were grown at 37 ℃ with vigorous shaking 
(200rpm) until the O.D.600 reached about 0.4-0.6. IPTG (0.5M) was then added to a final 
concentration of 1mM to induce the expression for an additional 3 hours. The cells were 
harvested by centrifugation at 6000 rpm for 10 minutes. The cell pellet was kept frozen at 
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 -20 ℃ or directly resuspended in lysis buffer for further purification. 
 
 
2.2.5 Protein purification 
 
2.2.5.1 Pre-column treatment 
 
Resuspended pellet in 20ml of lysis buffer was sonicated thoroughly or passed 
through the French Press and then inclusion bodies and cell debris were spun down at 
18000 rpm for 30 minutes. The supernatant was carefully removed to a clean tube. 
 
 2.2.5.2 Affinity chromatography 
 
Cdt1 
The soluble protein was loaded into a 1 ml pre-washed Glutathione Sepharose 
resin column to bind with the bead. After overnight incubation, the resin was further 
washed thoroughly with 30 ml washing buffer (50mM Tris, 300mM NaCl, 1mM EDTA, 
1mM DTT, 10% Glycerol, pH 7.8) until the absorption at 280 nm of the washing was very 
low. The Precission Protease then was added to the column to separate the Protein with 
GST tag after washing with Precission Protease cutting buffer. The protein alone was 
eluted with 5ml elution buffer.  
 
Geminin 
The soluble protein was loaded into a 3 ml charged Ni-NTA resin column. After 
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 the His-tagged protein was bound onto the resin, the resin was further washed thoroughly 
with 100 ml washing buffer (50mM Tris, 500mM NaCl, pH 8.3) until the absorption at 280 
nm of the washing was very low. His-tagged protein can be eluted out by a small amount of 
elution buffer. 
  
2.2.5.3 Gel filtration 
 
The yield and concentration of purified protein was estimated by measuring 
absorbance at 280 nm and Bio-Rad Protein Assay Kit. Cdt1 and Geminin were added 
together at the same concentration of 6mg/ml in a small volume (about 5 ml) before they 
were loaded onto a SuperdexTM 75 gel filtration column using FPLC system. Cdt1 alone is 
also purified by FPLC. The purity of the fractions was checked by SDS-PAGE and Mass 
spectrometry and the most purified fractions were pooled. 
 
2.2.6 Pulling down experiment 
 
The purified protein of GBD-Cdt1 was loaded after His-Geminin was first bound 
onto the Ni-NTA bead column with thorough wash (50mM Tris, 500mM NaCl, 
10%Glycerol, pH 8.0). Samples before the loading of Cdt1 and after wash were collected 
for SDS-PAGE check. 
 
2.2.7 Circular Dichroism spectroscopy  
Circular Dichroism (CD) relies on the differential absorption of left and right 
circularly polarised radiation by chromophores which either possess intrinsic chirality or 
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 are placed in chiral environments. Proteins possess a number of chromophores which can 
give rise to CD signals. In the far UV region (240-180 nm), which corresponds to peptide 
bond absorption, the CD spectrum can be analyzed to give the content of regular secondary 
structural features such as alpha-helix and beta-sheet. The CD spectrum in the near UV 
region (320-260 nm) reflects the environments of the aromatic amino acid side chains and 
thus gives information about the tertiary structure of the protein. Other non-protein 
chromophores such as flavin and haem moieties can give rise to CD signals which depend 
on the precise environment of the chromophore concerned. Because of its relatively 
modest resource demands, CD has been used extensively to give useful information about 
protein structure, the extent and rate of structural changes and ligand binding. In the protein 
design field, CD is used to assess the structure and stability of the designed protein 
fragments. Studies of protein folding make extensive use of CD to examine the folding 
pathway; the technique has been especially important in characterising molten globule 
intermediates which may be involved in the folding process. CD is an extremely useful 
technique for assessing the structural integrity of membrane proteins during extraction and 
characterisation procedures. The interactions between chromophores can give rise to 
characteristic CD signals. This is well illustrated by the case of the light harvesting 
complex from photosynthetic bacteria, where the CD spectra can be analyzed to indicate 
the extent of orbital overlap between the rings of bacteriochlorophyll molecules. It is 
therefore evident that CD is a versatile technique in structural biology, with an increasingly 
wide range of applications. The standard CD curves for αhelix, βsheet and random coil 
were indicated in the following figure( Figure 2.3) 
 














Figure 2.3 Standard CD curves 
We were using Jasco 810 to collect the CD data file. Different concentrations of 
Cdt1 protein under the temperature range of 20-90 ℃ were scanned by CD machine under 
the wavelength between 190nm and 260nm.  
 
2.2.8 Protein crystallization 
The protein of GBD-Cdt1 alone and the complex of Cdt1/Geminin were set up 
for crystallization. Crystallization kits from Hampton Research and Sigma Aldrich were 
used to screen the suitable conditions for crystal growth using the vapor diffusion 
methods-hanging drop and sitting drop both in room temperature and 4°C.  
The protein crystallization conditions were further optimized by varying the 
parameters of precipitate concentration, pH, protein concentration, temperature, and 
method.   
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 Chapter3 Results 
 
3.1 Cloning and sequencing of the Geminin Binding Domain of 
hCdt1 
 
To express the fragment of Geminin Binding Domain of Human Cdt1 in E. coli, 
we amplified the gene fragment by PCR, and fused the coding sequence with the GST tag 
in the expression vector pGex-6p-1. The proper construction was confirmed by restriction 
digestion, and the proper in-frame fusion of GBD-hCdt1 with the ATG in the vector was 
confirmed by sequencing. From the 6 deletion proteins we isolated out the essential 
Geminin Binding Domain of hCdt1 (163-368) which is in the middle of the full length of 
the protein.  
 
3.2 GBD-hCdt1 and RID-hGeminin were partly expressed as 
soluble protein 
 
When the cells grew to the componential phase, the production of GST-tagged 
GBD-hCdt1 was induced by adding IPTG to final concentration to 0.2 mM at 18 ℃. After 
the cells were lysed by sonication and centrifugation, the soluble protein was released into 
the supernatant while some insoluble protein was in the pellet. Large amount of the fusion 
protein was expressed in the soluble form (Figure 3.1).  
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  1              2           3          4 
Figure 3.1   Expression of GBD-hCdt1(SDS-PAGE Gel).  Lane (1) Whole cell  before 
induction. Lane (2)Whole cell after 8 hours induction. Lane (3) The supernant of cell 
























Figure 3.2 Expression of RID-hGeminin (SDS-PAGE Gel).  Lane (1) 
Marker (2) Whole cell  before induction. Lane (3)Whole cell after 4 hours 
induction. Lane (4) The supernant of cell lysate after induction. Lane (5) 
The pellet of the cell lysate after induction  
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 3.3 Protein Purification 
 
3.3.1 Affinity chromatography 
The affinity chromatography step was used to remove most contaminating 
proteins to facilitate the later purification steps.  The GST-tagged Cdt1 protein interacted 
strongly with the bead of Glutathione Sepharose. The His-tagged Geminin protein was 
bound onto the Ni-NTA beads through the chelating interaction between the 6 consecutive 
histidine residues and the Nickel ions immobilized on bead. Unbound protein was removed 
by washing the column extensively with binding buffer. The GBD-Cdt1 was eluted after 
the on-column cleavage of GST by PreScission protease under 4 °C in the cleavage buffer 
(Amersham Bioscience). This single step using affinity chromatography can improve the 
purity to above 90%.  
3.3.2 Gel filtration   
The last gel filtration was used to remove any other contaminating proteins 
(Figure 3.3). The final purified Cdt1/Geminin complex protein (more than 95% pure) is 
shown in the following figure (Figure3.4). Cdt1 and Geminin were concentrated separately 
and together using Centricon (Millipore). The maximum solubility of Cdt1 alone, Geminin 
alone, and Cdt1/Geminin Complex were: 6mg/ml, 15mg/ml, 8mg/ml. After the analysis of 
the SDS-PAGE Gel bands of the Cdt1 and Geminin, we estimated that the molecular 
binding ratio of Cdt1 and Geminin is 1 Cdt1: 2 Geminin. And that was used to guide our 
complex crystallization setting up experiment. Cdt1 and Geminin protein were stored 
separately under –80 °C in the buffer (50mM Tris, 300mM NaCl, 1mM EDTA, 1mM DTT, 
10% Glycerol, pH 8.0).  
 













































   1          2         3          4         5         6          7         8 
Figure 3.3 FPLC Gel Filtration Purification (SDS-PAGE Gel). 
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 3.4 Mass spectrometry of Cdt1 
The MS confirmed that the expressed protein was accord with the predicted 





















































Figure 3.5 Mass Spectrometry of GBD-hCdt1  
3.5 Circular Dichroism spectroscopy 
Different concentrations of Cdt1 protein from 0.05 mg/ml to 5 mg/ml were 
checked to produce the best data. And we found that at 0.2 mg/ml the data showed the best 
result with less noisy signals. Through the comparison of data collected under different 
conditions by varying the temperature to denature the native protein, it suggested that the 
GBD-Cdt1 was folding correctly after expression in the E. coli. Analysis of the data 
through the K2d program (http://www.embl-heidelberg.de/~andrade/k2d.html) indicated 
that this protein exists mainly in the form of α-helix (Figure 3.6).  













 Figure 3.6 Circular Dichrosism spectroscopy of GBD-hCdt1 .6 GBD-hCdt1 binds strongly with RID-hGeminin 
When the GBD-hCdt1 protein was first loaded into the Ni-NTA column, it was 
otally washed by the washing buffer. When the His-RID-hGeminin protein was bound to 
he Ni-NTA bead, the GBD-hCdt1 protein was loaded into the same column again. After 
horough washing with wash buffer (50mM Tris, 500mM NaCl, 10% Glycerol, 0.1% 
etergent), GBD-hCdt1 could still be retained on the column by interacting with 
ID-hGeminin as shown in the following figure (Figure 3.7). This demonstrates that they 















    1           2           3            4           5              6 
Figure 3.7 Pulling down experiment (SDS-PAGE Gel).     Lane (1) Maker. Lane (2)GBD-hCdt1 
alone in the washed solution. Lane (3) RID-hGeminin on the column. Lane (4) and (5) Washed 




3.7 Crystallization of Cdt1/Geminin complex 
 
Every time before the setting up of crystallization we mixed the Cdt1 and 
Geminin by the ratio of 1:2 and did the Gel filtration to get the pure complex. After the 
initial screening of crystallization of Cdt1 alone and Cdt1/Geminin complex using the 
commercially available screens: Hampton Research Crystal Screen, Hampton Research 
Crystal Screen 2, Hampton Research Crystal Screen Lite, Hampton Research Crystal 
Screen Cryo, Sigma Aldrich Screen1 and Sigma Aldrich Screen2 based on the sparse 
matrix screening protocol (Table 3.1), we got many small needle crystals (Figure 3.8) for 
Cdt1/Geminin complex only in several conditions.  
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Table 3.1 Crystallization conditions 
Screening Parameters Basic Kit Extension kit 
pH Range 4.6 to 8.5 4.6 to 9.0 
Buffers acetate, tartrate, phosphate, Tris, 
citrate, HEPES, imidazole, 
formate, and cacodylate 
MES, Bicine, Tris, citrate, HEPES, 
acetate 
Precipitating salts* tartrate; phosphate; ammonium 
and lithium sulfate; magnesium 
and calcium chloride; 
magnesium, ammonium, sodium, 
zinc and calcium acetate; sodium 
citrate; sodium and magnesium 
formate 
tartrate; phosphate; magnesium 
and sodium chloride; sodium 
acetate; sodium citrate; 
ammonium formate; lithium and 




MPD, 2-propanol MPD, 2-propanol, ethylene glycol, 
dioxane, ethanol, 1,6-hexanediol, 
PEGs* PEG 400, 1500, 4000, and 8000 PEG 400, 6000, 1000, 8000, 
10000, and 20000, PEG MME 
550, 2000, 5000, and 2000, 
Jeffamine M-600 
Additives tert-butanol, glycerol Co2+, Cd2+, Fe3+, Ni2+, and Zn2+ 
ions, dioxane, ethylene glycol, 
polyethyleneimine 










Figure 3.8 Crystals under initial screening - 69 -
  
 
By varying the conditions of precipitate and protein concentration, pH, 
temperature, additives, we grew the crystals to bigger size (0.1mm*0.1mm*0.04mm). One 
of the good conditions to give bigger crystals is at 4°C under hanging drop: HEPES NaCl 
(pH 7.5) 0.1M, MgCl2 0.2M, 2-Methyl-2,4-pentanediol 5%, PEG 6000 10%, Glycerol 5%.  





































4.1 Identifying the Geminin Binding Domain of hCdt1 
 
Understanding the structure and molecular mechanisms of Cdt1 and Geminin and 
their function in cell cycle regulation requires large amounts of purified and active proteins. 
For this, efficient expression systems are needed. The E. coli has proven to be an efficient 
and inexpensive experimental model for high-level expression of many proteins. 
As the expression of full length of hCdt1 in bacterial or baculovirus was not 
successful because of the degradation, we thought the possible way of expressing the 
Gemin Binding Domain alone. To determine which domains are required for interaction 
with Geminin, a series of hCdt1 deletion proteins was subjected to Geminin binding 
analysis. Finally we achieved to isolate the essential Geminin Binding Domain of human 
Cdt1.  
 
4.2 Protein expression and purification 
 
In response to the rapidly growing field of proteomics and structural biology, the 
use of recombinant proteins has increased greatly in recent years. Recombinant hybrids 
containing a polypeptide fusion partner, termed affinity tag, to facilitate the purification of 
the target polypeptides are widely used. Many different proteins, domains, or peptides can 
be fused with the target protein. The advantages of using fusion proteins to facilitate 
purification and detection of recombinant proteins are well-recognized. Nevertheless, it is 
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 difficult to choose the right purification system for a specific protein of interest.  
The production of recombinant proteins in a highly purified and 
well-characterized form has become a major task for the protein chemist working in the 
pharmaceutical industry. In recent years, several epitope peptides and proteins have been 
developed to over-produce recombinant proteins. These affinity-tag systems share the 
following features: (a) one-step adsorption purification; (b) a minimal effect on tertiary 
structure and biological activity; (c) easy and specific removal to produce the native 
protein; (d) simple and accurate assay of the recombinant protein during purification; (e) 
applicability to a number of different proteins. Nevertheless, each affinity tag is purified 
under its specific buffer conditions, which could affect the protein of interest. Thus, several 
different strategies have been developed to produce recombinant proteins on a large scale. 
One approach is to use a very small peptide tag that should not interfere with the fused 
protein. The most commonly used small peptide tags are poly-Arg-, FLAG-, poly-His-, 
c-myc-, S-, and Strep II-tag. For some applications, small tags may not need to be removed. 
The tags are not as immunogenic as large tags and can often be used directly as an antigen 
in antibody production. The effect on tertiary structure and biological activity of fusion 
proteins with small tags depends on the location and on the amino acids composition of the 
tag (Bucher et al. 2002). Another approach is to use large peptides or proteins as the fusion 
partner. The use of a large partner can increase the solubility of the target protein. The 
disadvantage is that the tag must be removed for several applications e.g. crystallization or 
antibody production. 
In general, it is difficult to decide on the best fusion system for a specific protein 
of interest. This depends on the target protein itself (e.g. stability, hydrophobicity), the 
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 expression system, and the application of the purified protein.  
The most commonly used two tags are Glutathione S-transferase-tag and 
Polyhistidine-tag (His-tag). 
We fused the Geminin Binding Domain of hCdt1 with GST tag and successfully 
over-expressed it in large amount for crystallization use. Similarly we expressed enough 
pure protein of Geminin with His tag. 
The main reason of choosing GST for Cdt1 expression is because it can make the 
recombinant protein soluble and more stable. And the Prescission protease cleavage site 
was selected purposely to get rid of GST under 4 °C after affinity chromatography 
purification to make the protein more stable. His tag was also tried, but we could not get the 
soluble protein.  
The reason of choosing His-tag for Geminin over-expression is because of the 
easy purification process. And there is no need for the cleavage of His-tag as more than 100 
structures of His-tagged proteins have been deposited in the Protein Data Bank. The small 
molecular weight of this tag makes it very convenient to express large amount of intended 
protein without much weight occupation of the tag.  
 
4.3 Correct folding of GBD-hCdt1 
Each of the three basic secondary structures of a polypeptide chain (helix, sheet, 
coil) shows a characteristic CD spectrum. A protein consisting of these elements should 
therefore display a spectrum that can be deconvoluted into the tree individual contributions. 
There are many limitations inherent in the method (such as the lack of consideration of 
chromophore interaction between different structural regions and neglect of other elements, 
3-10 helices etc.), and the accuracy is not very high. The method is, however, very reliable 
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 for monitoring changes in the conformation of proteins under different conditions 
(denaturation studies, unfolding experiments etc).  
The CD curves we got above 60 °C showed much difference with the curves in 
normal temperatures, which indicated proper folding of this protein under room 
temperature. And further studies using the software K2d suggested that this Geminin 
Binding Domain of hCdt1 exists mainly in the form of α-helix (60%).  
 
4.4 Crystallization of Cdt1/Geminin complex 
 
The promise of high-throughput structural genomics (HTX) as an enabling 
technology for rapid drug discovery is becoming a reality. Advances in experimental and 
computational technologies have made it possible for pharmaceutical and drug discovery 
companies to apply HTX to the multitude of new targets available from high-throughput 
genomics efforts. Successful HTX application will require flexible systems that allow for 
efficient development and usage of experimental data for iterative optimization. 
A number of techniques have been employed for determining protein structures, 
including X-ray crystallography, nuclear magnetic resonance spectroscopy, and mass 
spectrometry. Of these, X-ray crystallography remains the only method routinely used to 
determine structures of large biomolecules (i.e., MW in excess of 20 000 Da). 
There are many strategies available to search for crystallization conditions. 
Commercial screens use sparse matrix methods, in which the experiments are clustered 
around conditions that have already given crystals in the past. The advantage of this 
approach is that when a protein is crystallized under one set of conditions, it will often 
exhibit hits under other conditions as well. The disadvantage is that some areas of 
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 crystallization space are neglected. Random screens (such as Crystool) sample these areas, 
but in both cases it is difficult to glean information from the collected results because the 
screens are not balanced. 
This Cdt1 domain and the complex of Cdt1/Geminin were set up for 
crystallization. Crystallization kits from Hampton Research and Sigma Aldrich were used 
to screen the suitable conditions for crystal growth using the vapor diffusion 
methods-hanging drop and sitting drop both in room temperature and 4°C.  
Needle crystals of the complex of Cdt1/Geminin were obtained after various 
optimizations. These crystals with suitable size were checked for diffraction quality under 
native and heavy-atom soaked conditions. And we only got several diffraction spots at very 
low resolution.  
 
4.5 Conclusion and future work 
 
General conclusion: 
In this study, we aimed to crystallize the DNA replication factor human Cdt1 and 
its complex with its inhibition factor human Geminin. The Geminin Binding Domain of 
human Cdt1 (163-368) was isolated and has been sub-cloned into expression vector 
pGex-6p-1 which contains GST tag. The expression plasmid construct was then 
transformed into BL21 (DE3) E. coli and over-expressed. The soluble fusion protein with 
GST was further purified by affinity chromatography on Glutathione Sepharose resin. 
FPLC with gel filtration columns was used to obtain the pure proteins of Cdt1 alone after 
the cleavage of GST.  
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 The appropriate molecular weight and purity were tested by Mass Spectrometry. 
And the Circular Dichroism spectrum confirmed the correct folding of this protein and 
suggested that this Cdt1 domain exists mainly in the form of α-helix.  
The similar steps were applied to replication inhibition domain of Human 
Geminin. This Geminin domain was expressed together with His tag by the vector 
pET-28a and purified to homogeneity by affinity and liquid chromatography.  
Pulling down experiments of Cdt1 and Geminin each other demonstrated that 
they could bind strongly together in vitro.  
Currently our colleagues have crystallized the Replication Inhibition Domain of 
human Geminin and the 3-D structure determination is just being finished.  
Needle crystals of the complex of Cdt1/Geminin were obtained after various 
optimizations. These crystals with suitable size will be checked for diffraction quality 
under native and heavy-atom soaked conditions.  
 
Future work: 
1. More deletion mutants of human Cdt1 need to be checked to see if the Geminin 
Binding Domain can still be narrowed down further. On the other hand, it is necessary 
to extend the Geminin Binding Domain a little bit to make sure the possibility that if the 
extended domains will be easier for crystallization or not. It is common that several 
amino acids’ difference can result in the crystallization as the electrostatic surface 
characteristics play a large role in dictating whether a protein crystallizes or not. 
Modification of surface charges by site directed mutagenesis is another mean to 
provide crystals where none were known before or crystals with new space group, 
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 probably with better resolution (McElroy et al., 1992). 
2.  Several conditions should be tried to obtain the optimal crystallization condition of 
Cdt1/Geminin complex and Cdt1 protein. The crystallization parameters need to be 
varied a lot to get the crystal that diffracts the best. From our previous trials HEPES 
(pH 6-10) was shown to be a suitable buffer for crystallization of Cdt1/Geminin 
complex. However, further work needs to be done to find the exact pH range (0.1 unit 
resolution). When the experiments were tried under two different temperatures (4°C 
and 25°C), 4°C yielded better results. However, more trials should be done in this range 
(4°C-25°C). As PEG was shown to be a required precipitant, some salts like K+, Li+, 
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